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The annelid Platynereis dumerilii is increasingly used as a model organism for devel-
opmental comparative studies due to its phylogenetic position and the accessibility of
embryos that exhibit a stereotypic cleavage pattern and invariant cell lineages with pre-
dictable cell fates. To develop this unconventional model we established PdumBase,
a comprehensive data base and intuitive online user interface based on stage specific
transcriptomic data that allows genomewide identification of gene families contributing
to particular biological processes during early developmental stages. One such impor-
tant biological process is ciliogenesis, the formation of cilia, organelles associated with
a variety of cellular roles such as motility, signaling, and sensory functions. However,
knowledge of its multiple molecular components and regulatory mechanisms govern-
ing this dynamic process lags behind the functional understanding of cilia.
To close this gap and to highlight the versatility of the data encompassing Pdum-
Base, we have developed an in silico guided identification pipeline for genes that con-
tribute to the generation of a multiciliated cell type (MCC). Based on sequence similarity
we identified orthologous P. dumerilii genes to the majority of the known ciliary genes
described in other species. In addition, we validated their potential contribution to cilio-
genesis through a differential expression analysis based on wild type vs. experimentally
manipulated hyperciliated embryos. Our study revealed over 600 known ciliary genes
to be significantly upregulated in treated embryos. These included genes encoding for
well-known candidates in ciliogenesis such as dyneins, kinesis, microtubule organizers,
basal body associated proteins, signaling proteins, and transcription factors, whichwere
summarized into a set of high confidence core of ciliogenesis candidate genes.
To further associate genes that lack any annotation with ciliary activity, we devel-
oped DendroShiny, a computational approach to implicate potentially novel ciliary genes
among poorly characterized transcripts based on rigorous statistical analysis and clus-
xii
tering of their co-expression patterns. DendroShiny achieves these goals by (1) cluster-
ing expression patterns of known genes and (2) usingmachine learning to determine ex-
pression features that allow for the classification of poorly characterized genes. Finally,
our approach interactively displays the relationship of the identified clusters and their
corresponding expression patterns, consequently facilitating the downstream analysis
of transcriptomic data sets.
Taken together, our approach enables the identification of candidate and potentially
novel ciliary genes despite the lack of an annotated genome and sets the ground for the
elucidation of regulatory interactions between these candidate genes. This work hence
represents a first step towards the generation of a comprehensive survey for ciliogenesis
genes in Platynereis dumerilii.
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CHAPTER 1. GENERAL INTRODUCTION
The research compiled in this dissertation concerns the computational identification of
genes involved in the formation of cilia, microtubule-based organelle present across
most eukaryotic phyla. Cilia emanate from the cell surface and have diverse sensory
andmotility roles critical for development, cell signaling, and tissue homeostasis, among
other physiological functions. It its therefore not surprising that the inability of cells to
produce functional cilia has been linked to a number of developmental and genetic dis-
eases, collectively known as ciliopathies. However, our understanding of function and
development concerning ciliogenesis, the biological mechanism governing their forma-
tion, has lagged behind given the significance of cilia in a biological system and its im-
pact on associated diseases.
Obtaining a deeper insight into the underlyingmolecularmechanisms resulting in such
ciliopathies involves the identification of the molecular components required to assem-
ble functional cilia. This endeavor however can only be achieved with tailored computa-
tional tools capable of processing next-generation biological data in a meaningful and
timely manner. The resulting knowledge then has the potential to guide the elucidation
of how the coordinated interaction of these ciliary components is regulated to produce
functional cilia. Specifically the latter represents a crucial step towards a broader under-
standing and possible treatment approaches of cilia related diseases.
In this work, we are interested in the formation of motile cilia in the context of multicil-
iated cells. This type of cilia is known to havemultiple functions during embryonic devel-
opment as well as in adult tissues, making this organelle critical for survival. The crucial
role of motile cilia is additionally reflected in their conservation across a wide array of or-
ganisms on both, the functional and structural domain. Taking advantage of such levels
of conservation, we use transcriptomic data for the identification of known, as well as
novel ciliary genes expressed in early development of a non conventional animal model,
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the marine annelid Platynereis dumerilii. Towards this goal, we have developed a unique
computational data pipeline capable of integrating, analyzing, and visualizing various
high-throughtput ciliogenesis data sources.
This introductory chapter covers the generalities of motile cilia structure and func-
tion, describing the principal steps of ciliogenesis, as well as providing an overview of
the regulatory mechanisms involved in multiciliated cell (MCC) differentiation. In ad-
dition, we highlight the advantages of using Platynereis dumerilii as an animal model
to study ciliogenesis and briefly touch upon the computational efforts guiding the here
presented results. All together, the content of this chapter lays the foundation under-
lying our motivation to identify ciliogenesis candidate genes through the integration of
computational approaches for the analysis of transcriptomic data in the absence of an
annotated genome.
Motile and Non-motile Cilia
Cilia are conventionally classified into two types: motile and non-motile. In general,
cilia are anchored to the cell surface through the basal body which is formed by micro-
tubules arranged in nine triplets. From the basal body the axoneme extends from the cell
surface surrounded by a ciliary membrane that is continuous to the plasma membrane
[1]. The axoneme is structurally formed by 9 doublets of microtubules, either around a
central pair or lacking the central pair, respectively known as 9 + 2 and 9 + 0. Motile
9 + 2 cilia usually exist as multiple cilia in multiciliated cells bearing many dozens of
them [2], whereas motile and non-motile 9 + 0 cilia are present as a single cilia on the
cell [3]. Almost all mammal cells produce non-motile cilia, also called primary or sensory
cilia, whereas only specialized cells, multiciliated cells and sperm, produce motile cilia
(or flagella) with the arrangement 9+2 [4]. A general overview of the structure of a cilium
is provided in Figure 1.1.
In this study, we focus on motile cilia present in multiciliated cells. These cells bear
















Figure 1.1: General structure of an Eukaryotic motile cilium. Shown is a cilium anchored to the
cell surface through the basal bodywhich is formed bymicrotubules arranged in triples. From the
basal body, the axoneme extends from the cell surface while surrounded by a ciliary membrane
that is continuous to the plasma membrane. Image modified from [5].
ticiliated cells, cilia generate a flow to clear airways, move the ovum in the mammalian
oviduct and circulate fluid in specific brain regions [7]. Motile cilia can also transduct sig-
nals, a function that is usually attributed to the primary cilia. On human airway epithelial
tissues for instance, motile cilia can change the beat frequency according to external
stimuli [8]. Besides these functions, mostly described in animals, motile cilia can also
drive locomotion in many unicellular protists, as in ciliates (i.e Paramecium) [9], green
algae flagellates (i.e. Clamydomononas), as well as in marine invertebrate larvae [10] .
As expected by the variety of vital ciliary roles, defects in cilia structure or function are
associated with a wide range of human diseases[11]. More specifically, defects inmotile
cilia can lead to diseases affecting the respiratory system (bronchiectasis), the brain
(hydrocephalus), cause infertility, as well developmental abnormalities compromising
left-right patterning as in situs inversus [3, 12] and others. Since motile and non-motile
cilia share the majority of the structural components, mutation in a given ciliary gene
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can halt the functionality of both types of cilia. Therefore awide spectrumof phenotypes
related to such dysfunctions exists. In a recent review, Reiter et al. [12] provides a survey
of 187 genes to be implicated in 35 ciliopathies, exemplifying the complexity of these
diseases, and highlighting the importance of elucidating the molecular mechanisms of
ciliary assembly and function.
Cilium: A Conserved Organelle
Motile cilium structure appears to be conserved in very distantly related eukaryotes.
Single-cell protists, including amoeboids, euglenoids, dinoflagellates, as well as green
and red algae and others, exhibit motile cilia with the same general structure and mi-
crotubule arrangement as motile cilia in multicellular organisms in distal branches of
the eukaryotic tree. For instance some fungi produce flagellated gametes with the 9+ 2
structure, andmost animals groups, with the exception of ecdysozoa, have cilia with this
same arrangement.
Phylogenetic analysis among cilia in green algae Chlamydomonas reinhardtii (bikont)
and cilia in metazoans, animal and fungi (unikont) suggests that every branch of the eu-
karyotic tree includes or had included organisms with motile cilia with the 9+ 2 configu-
ration. In addition, proteins associated with the central pair have been found conserved
between human and Chlamydomononas [13]. Furthermore, intraflagellar transport(IFT)
proteins, which are involved in ciliary assembly and motility, are also found conserved
between distant eukaryotic organisms [14].
The high level of conservation suggests that motile cilia appeared before the diver-
gence of the eukaryotes, indicating that the last eukaryotic common ancestor (LECA)
was an organism with motile cilia with the microtubule arrangement 9 + 2 [15]. In addi-
tion, this ciliated organism required IFT proteins for its ciliary assembly suggesting that
the ciliary assembly process should involve conserved components as well.
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The conservation of ciliary function and structure highlights an evolutionary advan-
tage for cilia bearing eukaryotes [16], and allows the study of motile cilia and ciliogene-
sis through distantly related organisms. On an even broader scope, comparative studies
should enable an improved understanding of ciliary dysfunction and the elucidation of
its connections to ciliopathies, potentially leading to novel treatments and preventive
approaches.
Multiciliated Cell Differentiation
Ciliary assembly in the context of a single motile or non-motile cilium is connected to
progression of the cell cycle. The solitary cilium is assembled while the cell is arrested
in G1 and is shed as the cell enters mitosis [17]. In multiciliated cells however, dozens of
cilia are assembled in a cell that is terminally differentiating and therefore will no longer
divide. Despite this major difference, the main steps of early ciliogenesis remain very
similar as both process involve: 1) formation of a ciliary vesicle at the proximity of the
centriole, 2) migration of centrioles towards the plasmamembrane, 3) docking of ciliary
vesicle with centriole and fusion with plasma membrane, and 4) elongation of axoneme
mediated by IFT [17, 18].
This further implies the expression of common molecular components during ciliary
assembly in the context of a mono-ciliated or multiciliated cell. By extension, it is ex-
pected that the regulatory mechanisms governing these expression patterns are also
expected to be shared. While ciliary component in both types of cilia assembly over-
lap, the regulatory mechanisms in multiciliated cells appear to involve additional ele-
ments [7]. The assembly of a large number of cilia requires centriole amplification for
the production of multiple basal bodies. This process is in itself tightly coordinated, and
requires its own regulatory components [19]. In vertebrates, multiciliated cell (MCC) dif-
ferentiation is initiated by the repression of Notch signaling through microRNAmiR-449
[20]. Notch inhibition triggers the activation of a regulatorymechanism that involves two
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Geminin related proteins, Gemc1 and the transcription factor Mcidas also called multi-
cilin [7].
Mcidas not only triggers centriole amplification by regulating the expression of the
specialized cyclin ccno, but also induces foxj1 expression, which in turn induces the ex-
pression of genes involved in ciliary motility [21]. Therefore, Mcidas and Gemc1 (up-
stream of mcidas), are considered to be sufficient to initiate MCC differentiation. Both,
Mcidas and Gemc1 are Geminin related proteins [18]. Geminin is described to have a
dual function, regulating cell cycle progression and cell differentiation [22]. Geminin has
been found conserved fromC. elegans to humans, and current data suggest thatmcidas
and gemc1 originated from an ancestral bilaterian geminin gene [23].
In general, Mcidas activates a regulatory cascade that involves Rfx2/3, FoxJ1, and
Myb transcription factors. The activation of these factors triggers cell cycle exit, basal
body amplification, cytoskeleton remodeling, and ciliogenesis [7, 18].
Transcriptional Regulation by FoxJ1 and Rfx
The transcription factors Rfx and Foxj1 are known to be central to the transcriptional
control of the ciliogenesis process. In a recent review, Choksi et al. [24] state that Rfx
transcription factors have been found in the five major eukaryotic branches, suggesting
that this factor was present in the last eukaryotic common ancestor (LECA). Moreover,
Rfx appears to be highly conserved across the animal kingdom. There are eight Rfx
transcription factors described inmammals (nine in fish, due to an extra gene duplication
in this lineage) that are found in all vertebrates. This number is reduced in invertebrates
where three Rfx transcription factors have been described in Drosophila, and only one in
C. elegans (known as daf-19). Rfx proteins bind to target genes via the X-box, a highly
conserved DNA sequence motif found in many organisms.
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Similarly, studies in mouse, Xenopus, and zebrafish suggest that the role of FoxJ1 in
motile cilia assembly is conserved across vertebrates also. In those studies, knockdown
of foxj1 caused loss of all motile cilia [25, 24].
Due to the fact that both transcription factors are described to regulate the expression
of ciliary genes, it is of importance to determine how these two transcriptional programs
relate. To that end, a comparison of the potential target genes of both transcription
factors could be useful. Previous studies by Chung et al. [26] reported a set of Rfx
target genes in Xenopus. Likewise, targets of FoxJ1 have been identified in zebrafish by
Choksi et al. [27]. Comparison of both sets shows an intersection of genes suggesting
that the two transcription factors act in cooperation and/or redundantly to regulate the
expression of ciliary genes during ciliogenesis.
Furthermore, studies in zebrafish, mouse, and cultured human cells suggest that
FoxJ1 can induce the expression of rfx2 and rfx3 during ciliogenesis [24]. Similarly Rfx3
has been shown to regulate the expression of foxj1 in mouse cultured cells [28]. Besides
this cross-regulation of both factors, other scenarios of cooperation are possible. One
such example concerns proteins encoded by the Rfx target genes that could enhance
transcriptional activation of foxj1. In addition, both transcription factors could act in par-
allel to regulate the same set of genes in a given cell type. Despite the abundance of
studies characterizing these transcription factors, there are significant gaps in the un-
derstanding of how these two ciliary transcriptional modules cooperate.
In Platynereis dumerilii both genes, rfx and foxj1, are found and preliminary phyloge-
netic analysis suggests that several homologs to vertebrate genes canbe identified (data
not shown). However, further in silico guided analysis is required to establish their in-
volvement, and determine the various contributions of these gene families to regulate
ciliogenesis in Platynereis dumerilii.
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Platynereis dumerilii as an Animal Model
Here we proposed the use of a non-conventional animalmodel, themarine polychaete
annelid Platynereis dumerilii as an ideal organism to study motile cilia and ciliary assem-
bly in the context of multiciliated cell (MCC) differentiation.
As an annelid, P. dumerilii is a lophotrochozoan/spiralian, considered to be a ”slow
evolving” organism as its gene and protein sequences appeared to have accumulated
less changes over time compared to other invertebrates [29]. Therefore, it has re-
tained a more ancestral gene repertoire than others. In addition, the phylogenetic posi-
tion of P. dumerilii enables evolutionary comparisons between bilaterians (ecdysozoans,
lophotrochozoans, and deuterostomes). This in turn allows the prediction of possible an-
cestral genes and functions that were present in the common ancestor of protostomes
and deuterostomes.
Besides the above advantages, P. dumerilii is also considered a suitable animal model
for comparative studies that allow insights into general lophotrochozoan/spiralian fea-
tures, including an invariant stereotypcal spiral cleavage pattern, and indirect develop-
ment via the formation of a free swimming ciliated larva, the trochophore.
A defining feature of the trochophore larva is a ciliated ring, the prototroch, located in
the equatorial plane. This structure consists of two rows ofmulticiliated cells, and starts
to be visible at around 12 hours post fertilization (hpf) in P. dumerilii. Shortly after the
formation of the prototroch a ciliated apical tuft is formed as part of the apical organ
that also contains sensory cells, and followed by the formation of a posterior ciliated
structure, the telotroch [30]. A similar ciliated larva is characteristic of the development
of several spiralian taxa including mollusks, sipunculid worms, and most polychaete an-
nelids [31].
Furthermore, and unlike other spiralians, Platynereis dumerilii embryos are transpar-
ent. In combination with their invariant stereotypical cleavage mode, this allows to iden-
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tify each cell in the developing embryo. More importantly, the fate of each cell during
the early development is known and can be identified based on size and position of the
cell within the embryo. This represents a major advantage to study various dynamic
processes during cleavage and development.
Particular to the development of the ciliated structures, P. dumerilii embryos at the
16-cell stage generate four embryonic cells called trochoblasts, the cell lineages that
will contribute entirely to the ciliated ring. These four trochoblasts will divide twice and
terminally differentiate into 16 of the 24multiciliated cells that form the prototroch. Cilia
start to be visible at around 12 hpf in the protochophore, a pre-larva that is slowly rotating
inside its thick jelly coat. This rotation is known to be driven by cilia, indicating that the
fully functional cilia should be present at this early stage of development. At a later
stage (approx. 24 hpf), the fully hatched trochophore larva is freely swimming due to
coordinated cilia motion.
Given the phylogenetic position and developmental features of Platynereis dumerilii
including transparent embryos, and ciliated structures, this marine annelid represents a
highly suited model system to study the underlying mechanisms of ciliary assembly.
The first step towards this end consists in identifying conserved ciliary genes. Notably
the majority of the ciliary genes have been identified in in either vertebrates (deuteros-
tomes) or in invertebrates from the ecdyzosoan superphylum (protostomes), C. elegans
and D. melanogaster, which lack motile cilia. Therefore characterizing ciliary compo-
nents in P. dumeriliimodel is of critical importance and significance to gain insights into
the evolution of functional diversity of ciliated cells in metazoans. To achieve this goal
we developed several computational tools to retrieve and analyze data on ciliogenesis
genes from in-house generated Platynereis dumerilii transcriptome sources.
Despite all the advantages of P. dumerilii as an animal model, a major obstacle when
working with this non-conventional animal system is the lack of an annotated genome.
P. dumerilii has a large genome (1Gbp) in comparison to other animals in its taxonomic
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group [32]. The difficulty to assemble the P. dumerilii genome is related to an expansion
of repetitive sequences. It is estimated that the repeat content of Platynereis genomes
ranges between 10 to 30% [32]. While the advent of newer sequencing technologies
should soon be able to overcome this assembly limitation, to date no official genome
for P. dumerilii has been published. This is important because it prohibits the use of
the majority of existing bioinformatics solutions that often rely on the availability of an
annotated reference genome.
In this study, we overcome the lack of an annotated genome using an in-house de
novo assembled transcriptome comprising expression data from the first fourteen hours
of development as well as from experimentally manipulated embryos that make more
ciliated cells. Furthermore, in Chapter 2 of this thesis, we describe PdumBase, our
Platynereis dumerilii transcriptome database and user interface we developed, aimed
at facilitating the exploration, discovery, and use of P. dumerilii by the broader research
community.
Structure of this Dissertation
This dissertation is organized into five chapters. Chapter 1 provides the reader with
a general introduction to the topic at hand. Chapters 2 to 4 correspond to manuscripts
that have either been published in peer reviewed journals or are currently in submission.
In Chapter 5, we provide a general conclusion that highlights the significance and future
directions of the research presented in this work. A graphical overview of the complete
data pipeline described in this thesis and corresponding to the individual chapters can
be found in Figure 1.2.
More specifically, Chapter 2 focuses on data accessibility and features PdumBase, the
first comprehensive transcriptome database for Platynereis dumerilii during early stages
of development. PdumBase includes additional stages over the P. dumerilii life cycle and
provides access to the expression data of 17,213 genes (31,806 transcripts) from our
de novo assembled Platynereis transcriptome (Figure 1.2A). Expression data for each
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Figure 1.2: Graphical overview of the computational analysis pipeline constituting this work.
A Depiction of the assembly process con the transcriptomic data obtain from RNA-seq data
during the early stages of normal development in P. dumerilii. B Description of the pertubation
assay aimed at the identification of ciliogenesis related genes using differencial analysis between
expression data from hyperciliated and normal cells. C Functional workflow of Dendroshiny.
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gene includes the normalized FPKM, the raw read counts, and information that can be
leveraged for statistical analyses of differential gene expression and the construction
of genome-wide co-expression networks. In addition, PdumBase includes early stage
transcriptome expression data from five further species as a valuable resource for com-
parative analysis of early development in different organisms. PdumBase represents the
first online resource for the early developmental transcriptome of Platynereis dumerilii.
It serves as a research platform for discovery and exploration of gene expression during
early stages, throughout P. dumerilii life cycle, and enables comparison to other model
organisms.
Chapter three reports the identification of ciliogenesis candidate genes in P. dumer-
ilii employing our computational multi-layer approach consisting of the following ma-
jor units: 1) Identifying orthologous to genes from an extensive survey of known cil-
iary genes described in other species representing a curated annotation of ciliary genes
in the P. dumerilii transcriptome. 2) Integrating the differential expression analysis be-
tween wild-type and hyperciliated P. dumerilii larva obtained by ectopically inducing the
wnt-β-catenin pathway in early development. This enabled the identification and valida-
tion of known ciliary genes that are also upregulated in the hyperciliated larva. 3) Co-
expression analysis using normal development expression data extracted from Pdum-
Base to implicate potential ciliogenesis candidate genes among the non-annotated tran-
scripts, based on expression profile similarities (Figure 1.2B). The results summarized in
this chapter highlight possible differences in the components necessary to initiate cilio-
genesis inMCC cells during development inP. dumerilii and those described in vertebrate
MCC differentiation. This work hence represents a first step towards the generation
of a comprehensive set of ciliogenesis candidate genes that bridges the gap between
our current understanding of phenotypic and genomic relationships of ciliogenesis in
Platynereis dumerilii and other species.
Chapter 4 focuses on data visualization and introduces DendroShiny, our in silico tool
for the analysis of genome-wide expression data. DendroShiny allows to interactively ex-
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amine gene expression clusters as the clustering parameters are adjusted. DendroShiny
(1) clusters the genes based on the expression profiles of a set of well characterized
genes and uses the features of that set to classify non-annotated genes, (2) displays
an interactive gene tree representing the similarity among the gene expression patterns,
(3) allows the user to define the final number of clusters and visualizes the resulting
gene sets, (4) interactively displays the expression profiles and meta data of genes in
each cluster, and (5) allows to browse the resulting clusters by various attributes such
as gene name. The use of DendroShiny is exemplified using a dataset consisting of
P. dumerilii expression data. In this context, DendroShiny enabled the identification of
candidate ciliary genes despite the lack of an annotated genome (Figure 1.2C). Overall,
DendroShiny allows the user to intuitively explore clustered gene expression data and
has the potential to facilitate the downstream analysis of transcriptomic data sets.
Finally, the concluding chapter provides an overview highlighting the significance of
our findings and work reported in this dissertation. Furthermore it presents an outline
of key future directions based on the research conducted within this dissertation.
Taken together, the work presented here lays the foundation to further studies aiming
at the elucidation of ciliary assembly in P. dumerilii. In addition, it presents a sophisti-
cated, computational approach for the integration of transcriptomic data in the absence
of an annotated genome that can be incorporated in similar studies including other non-
conventional organisms.
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Abstract
Background The marine polychaete annelid Platynereis dumerilii has recently emerged
as a prominent organism for the study of development, evolution, stem cells, regener-
ation, marine ecology, chronobiology and neurobiology within metazoans. Its phyloge-
netic position within the spiralian/ lophotrochozoan clade, the comparatively high con-
servation of ancestral features in the Platynereis genome, and experimental access to
any stage within its life cycle, make Platynereis an important model for elucidating the
complex regulatory and functionalmolecularmechanismsgoverning early development,
later organogenesis, and various features of its larval and adult life. High resolution RNA-
seq gene expression data obtained from specific developmental stages can be used to
dissect early developmental mechanisms. However, the potential for discovery of these
mechanisms relies on tools to search, retrieve, and compare genome-wide information
within Platynereis, and across other metazoan taxa.
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Results To facilitate exploration and discovery by the broader scientific community, we
have developed a web-based, searchable online research tool, PdumBase, featuring the
first comprehensive transcriptome database for Platynereis dumerilii during early stages
of development (2h ∼ 14h). Our database also includes additional stages over the P.
dumerilii life cycle and provides access to the expression data of 17,213 genes (31,806
transcripts) along with annotation information sourced from Swiss-Prot, Gene Ontology,
KEGG pathways, Pfam domains, TmHMM, SingleP, and EggNOG orthology. Expression
data for each gene includes the stage, the normalized FPKM, the raw read counts, and
information that can be leveraged for statistical analyses of differential gene expression
and the construction of genome-wide co-expression networks. In addition, PdumBase
offers early stage transcriptome expression data from five further species as a valuable
resource for investigators interested in comparing early development in different organ-
isms. To understand conservation of Platynereis gene models and to validate gene an-
notation, most Platynereis gene models include a comprehensive phylogenetic analysis
across 18 species representing diverse metazoan taxa.
Conclusion PdumBase represents the first online resource for the early developmental
transcriptome of Platynereis dumerilii. It serves as a research platform for discovery
and exploration of gene expression during early stages, throughout the Platynereis life
cycle, and enables comparison to other model organisms. PdumBase is freely available
at http://pdumbase.gdcb.iastate.edu
Keywords Platynereis dumerilii, Early development, Spiralian, Life cycle, Expression pro-
file, Database. Comparative genomics, Evo-Devo
Background
The annelid Platynereis dumerilii is an ideal organism for developmental and compar-
ative studies due to its phylogenetic position as a spiralian/lophotrochozoan, a species-
rich but less known third branchof bilateral symmetrical organisms, whosemembers are
instrumental for inferring ancestral bilaterian or urbilaterian features [33, 34, 35, 36, 37].
However, in comparison to the other two major bilaterian branches, the deuterostomes
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that include vertebrates and humans, and the ecdysozoans that include nematodes and
arthropods like C. elegans and the fruit fly Drosophila, respectively, substantially less
genetic and molecular studies have been performed in spiralian species. As a spiralian,
Platynereis dumerilii exhibits intriguing developmental features that include a stereotypic
cleavage pattern and invariant cell lineages with predictable cell fates [38, 39, 40]. Hav-
ing invariant cell lineagesmakes it possible to link gene expression in distinct embryonic
cells to later cell progeny and organs in larval and adult stages. Knowing this allows to
make predictions, and test hypothesis of how molecular processes regulate the cellular
origin and composition of organs and body parts [41, 42]. To date, this powerful property
has only been exploited in a limited number of studies [43, 44] but, as better descriptions
of later cell lineages and access to stage-specific and cell-specific gene expression data
becomes available, its use is expected to increase substantially [45, 46, 47, 48]. Addi-
tionally, the morphological and genomic attributes exhibited by Platynereis have been
useful for inferring ancestral gene structures and ancient cell types representative of
ancestral bilaterian species [49, 50]. These inferences are based on the findings that
Platynereis shares many common features with vertebrates, including similar gene ex-
pression profiles during the development of the brain, the central nervous system, the
eye, appendages, and muscles. These features have been instrumental in developing
and testing hypotheses about the urbilaterian body plan and the origin of complex or-
gan systems during animal evolution [35, 36, 51, 52, 53, 54]. For these reasons, over
the last decade, Platynereis has emerged as a powerful spiralian model for compar-
ative genomic analyses, evolutionary developmental biology (evo-devo) studies, stem
cells, regeneration, marine ecology, chronobiology and neurobiology [55, 56, 57, 58, 59].
Platynereis as a laboratory organism boasts an ever-increasing experimental toolkit, ex-
panding the usefulness of this species in identifying and dissecting gene function: dur-
ing early and late development; during organogenesis; in various cell types; and in neu-
ronal circuits that dictate the circadian and lunar rhythm-controlled swimming behaviors
[59, 60, 61, 62, 63, 64, 65, 66, 67].
20
The on average 3months life cycle of Platynereis dumerilii including sexualmaturation
and mating synchronized by a monthly lunar cycle is well established under laboratory
conditions, and contributes to the attractiveness of this annelid spiralian species as a
powerful experimental organism [68]. Mating leads to ‘instant’ external fertilization of
thousands of eggs, allowing experimental access to thousands of highly synchronously
developing embryonic, larval, juvenile, and adult stages that can be used for large scale
biochemical and a variety of Omics studies [59].
Early development in Platynereis is characterized by a spiral cleavage mode, a series
of invariant, stereotypic asymmetric cell divisions stages, generating a spiral arrange-
ment of embryonic cells characterized by vastly different cell sizes and distinct cell fates
[38, 39, 40, 41]. This early embryonic spiral cleavage phase transitions after six rounds of
cell divisions [about 7 h post fertilization (hpf) at 18 °C], to bilateral symmetrical oriented
asymmetric cell divisions. The time of development depends drastically on temperature.
Features described at each stage refer to embryos developing at controlled temperature
of 18 °C. By 14hpf, the continued rapid cell divisions have given rise to a distinctly orga-
nized embryo of  330 cells, a pre-trochophore larval stage that emerges from the jelly
coat that surrounds the egg, and begins to rotate via a ring of differentiatedmulti-ciliated
cells, the prototroch, and a developing apical organ, a sensory organ at the animal pole
[69].
Within the next few days of development Platynereis transitions through several free-
swimming larval stages (a primitive trochophore at 24hpf, a more elaborate meta-
trochophore at 48hpf, and a nectochaeta larvae at 72hpf) [69]. These stages are mor-
phologically characterized by the additions of distinct ciliary structures, an elaboration
of the head and trunk region including the establishment of a complex nervous system,
larval and adult eyes, and the formation of trunk segments that bear the first pairs of ap-
pendages. After 1 week, the now juvenile three segmented youngworm switches from a
free swimming to a benthic lifestyle. A growth zone at the posterior end continues to add
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segments and serial appendages throughout juvenile and adult stages while growing to
its adult size of  2 in. in length and sexual maturation within 3 months.
The above attributesmake Platynereis a favorable subject for various high-throughput
sequencing (HTS) techniques including but not limited to gene expression profiling
though the quantitative analysis of transcriptomes (RNA-seq). RNA-seq provides an un-
biased approach to determine the transcriptional inventory for a process, and, by captur-
ing the dynamic temporal expression profiles through the identification of differentially
expressed genes between developmental states, enables investigators to gain system-
level insights into organismal development [42].
The massive amount of data produced by modern HTS experiments is both a chal-
lenge and an opportunity for countless biological discoveries. However, it can only be
effectively utilized as a scientific resource in conjunction with dedicated computational
pipelines to preprocess, analyze, store, and visualize this information. Well-established
algorithms for preprocessing of raw sequencing reads in terms of quality control [70, 71]
and de-multiplexing [72, 73] as well as robust approaches for transcriptome assembly
[74, 75, 76], differential expression analysis [77, 78, 79] and functional enrichment studies
have been developed. However, as the generated HTS datasets capture a genome-wide
transcriptional response, the generated data richness and complexity is often magni-
tudes higher than the focused interest of the target study. Consequently, much of the
data remains unexplored or is not easily accessible to the scientific community. Thus,
computational and bioinformatics strategies have to be developed that enable broad,
fast, and long-termaccessibility of the data, aswell as the intuitive ability to easily search,
extract, and/or to graphically visualize molecular processes, pathways, and structural
composition.
Ideally, such a research tool opens the discovery space and should be capable of ef-
ficiently retrieving the information of interest while scaling well with large data sizes.
This in turn requires the processed data to be stored in a standardized, queryable, and
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platform-independent manner such that an application-specific subset of data can effi-
ciently be served to an algorithmic solution built on top of such system. Notably, cen-
tralized information systems, such as relational databases, fulfill all of the above require-
ments by providing storage solutions combined with powerful querying language such
as Structured Query Languages (SQL) [80]. These systems can be further combined
with modern web technologies to form a graphical user interface capable of represent-
ing vast amounts of data in a concise, interactive and platform agnosticmanner. Indeed,
web-based database solutions have previously been leveraged to represent a large array
of biological data over a wide range of organisms [81, 82, 83], as well as metadata such
as functional annotations [84] and pathway information [85].
For Platynereis, several transcriptomic datasets have recently been reported [47, 66,
86], covering various developmental, larval, juvenile, and adult stages during its 3 month
long life cycle. However, public accessibility, as well as ease of data analysis is cur-
rently limited and requires a priori knowledge of a transcript/gene to be able to retrieve
sequence and expression data. This prior knowledge however is often not available, mo-
tivating the need for the development of databases, which enable investigators to query
transcriptome and expression data based on functional annotation as well as other fea-
tures. In addition, only a limited number of attempts have beenmade to link data to other
important developmental model species in order to facilitate comparisons of develop-
mental and cell biological modules, a prerequisite for building testable hypothesis in the
field of evolutionary and developmental biology.
To close this gap, we developed PdumBase, a comprehensive, stand-alone, and user-
friendly web-based resource, offering researchers a sophisticated platform to study
molecular function, expression patterns, and relationships between genes at early em-
bryonic stages in Platynereis dumerilii. PdumBase comprises transcriptomic data from
the first 14 h of development of Platynereis capturing the transition from a single fer-
tilized egg to a  330 cells hatched early protrochophore stage. The data in PdumBase
represents the first Platynereis transcriptome obtained from seven time points of early
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embryonic development, recently reported by our group [87]. PdumBase also displays
data from a novel analysis to construct genome-wide co-expression networks to iden-
tify hub genes and genes sharing similar expression patterns in early embryonic stages.
Furthermore, PdumBase incorporates transcriptomic data from Conzelmann M. et al.
[66] that includes selected time points of later developmental stages including larval, ju-
venile, and adult stages covering the entire life cycle, as well as sexually mature male
and female worms. To facilitate comparative and evo-devo studies PdumBase includes
searchable expression data from distinct developmental stages of six other species that
were available at the time of database construction: Strongylocentrotus purpuratus [88],
Xenopus tropicalis [89], Danio rerio [90] , Ascaris suum [91], Nematostella vectensis [92],
and human [93]. The selection of species for comparative analysis of early development,
includes a deuterostome invertebrate and vertebrates, an ecdysozoan, a cnidarian, and
transcriptional ‘germ layer’ states of early differentiated human stem cells, respectively,
an arbitrary yet informative choice for this ‘pilot’ feature of PdumBase that will be ex-
panded in future releases. Finally, to understand how the Platynereis genemodels are re-
lated to genes in other species, and to provide additional validation for the previous gene
annotations, a comprehensive phylogenetic analysis that includes 18 selected species,
representing different metazoan taxa of various evolutionary distances, including key
spiralian species like the annelid Capitella teleta and the mollusk Crassostrea gigas, is
available for each Platynereis gene model. Thus, this research tool enables exploration,
discovery and hypothesis building to the community at large by providing intuitive and
interactive access to genome-wide developmental expression data of early development
in Platynereis.
Construction and Content
PdumBase is a user-friendly database that provides a platform to easily access and
compare expression profiles of Platynereis transcripts during early stages of develop-
ment (2 to 14 hpf), with the option of displaying later stages of development (24 hpf to 3
months, and sexuallymaturemale and female). For each transcript, PdumBase contains
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detailed annotation, a preliminary phylogeny tree based on orthologous groups, and co-
expression networks. Co-expression data can be obtained based on differential gene
expression between consecutive time points throughout early development. In addition,
the database integrates transcriptomic information of six additional species, giving the
option of examining expression data of orthologous genes. Figure 2.1 summarizes the
content and the organization of data available in PdumBase.
Transcriptome Assembly and Annotation Pipeline
To create the early reference transcriptome for Platynereis dumerilii, we combined the
mRNA data of all sequenced libraries (∼ 785million paired-end reads) at 2, 4, 6, 8, 10, 12,
and 14 hpf and performed de novo transcriptome assembly using Trinity [94] resulting in
a total of 273,087 non-redundant contigs (N50 size: 1466 bp). Detailed methods, char-
acterization and validation on the transcriptome de novo assembly, and the annotation
pipeline for gene models have been reported previously [87].
To annotate the assembly, we first identified 28,580 genes (51,260 transcripts) with
a predicted open reading frame (ORF) of more than 100 amino acids. These potential
protein coding genes were consequently aligned to the Swiss-Prot database [95] and
only retained, if the corresponding E-value of the alignment had a value of at least 10e-10
or lower. Using this procedure, a total of 17,213 genes (31,806 transcripts)werematched
[87]. Pfam domains, signal peptide cleavage sites and transmembrane helices were
also identified and integrated into the database. These were predicted using HMMER
[96], signal [97] and tmHMM [98] respectively with default parameters. Finally, Gene
Ontology (GO) and eggNOG information were obtained from the Swiss-Prot database
[95], whereas associated KEGG pathways were identified by a BLASTP search with an
E-value cutoff 10e−10.
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Figure 2.1: Schematic illustration of the PdumBase sitemap. The content for each tabulator of
the PdumBase home interface is summarized in “TabBoxes” (blue) at the top of the figure.“Search
Results” (pink), and “Expanded Results” (dark green) outline data retrieved from different search
options. The result interface includes the “Show other info” option; a summary of its content
is shown in “Other info selection” box (light green). Expandable results option for. Orthologous
groups and Co-expression are also shown (light blue). Optional output summarizes download-
able content as well as file format options (light yellow)
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Expression Analysis
To build a comprehensive transcriptional profile of early Platynereis development, we
extracted mRNA from Platynereis dumerilii 2, 4, 6, 8, 10, 12, and 14 h post fertilization
(hpf), eachwith two biological replicas, as described [87]. The resulting reads from these
samples were subsequently mapped to the assembled transcripts using Bowtie [99].
The read count for each transcript was estimated by RSEM [100]. The trimmed mean
of M-values (TMM) [74], normalized FPKM was calculated using the R package “edgeR”
[77]. A transcript was considered as “expressed” if its FPKM is larger than 1. This repre-
sents an empirically chosen inclusionary cutoff based on our current methods of valida-
tion (1) by whole mount in situ hybridization, which is able to detect transcripts above a
level of  5 FPKM, and (2) successful amplification of transcripts by PCR fromstageswith
an FPKM of 1 or higher. Whole mount in situ hybridization was chosen as a method of
validation to enable us to determine spatial expression of transcripts, and as a method
that was sensitive enough to visualize the onset of gene transcription in a single cell, and
on two genomic loci within each nucleus [87].
Thus, for expression analysis, 20,977 transcriptswere included that fulfilled the criteria
of being expressed in at least one stage at an FPKM larger than 1. These transcriptswere
clustered based on their expression pattern into 32 groups. We obtained the expression
dendrogram using the hierarchical clustering algorithm (R function hclust). Since the de-
termination of number of clusters is context-dependent, we first used an automatic tree-
cutting algorithm to classify all genes into 32 groups (R function cutree, k = 32). Pairs
of groups were then merged as moving up the hierarchy. Each merge was validated by
visual inspection of their average expression patterns of all stages. We repeated this
step until no qualified merges were found. This process leads to 15 distinct clusters
demonstrating distinct expression patterns. For successive time stages, the differen-
tially expressed (DE) genes were determined using edgeR and considered as differen-
tially expressed if the adjusted p-value was smaller or equal to 0.001. A co-expression
network was also constructed using WGCNA [101], an R package for weighted corre-
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lation network analysis. The co-expression network can provide not only the correla-
tion between two genes, but also their topological similarity. This similarity captures
how closely related two genes are by examining if they share similar connectivity with
other “third party” genes (Supplementary Figure A.1.1). In addition to early stage ex-
pression data (2 to 14 hpf), we also incorporated 310 million reads of later stage RNA
sequencing datasets ranging from 24 h to 3 months, and sexually mature male and fe-
male provided by Conzelmann, et al. [66], that were first mapped to our gene models
and displayed within the database. The inclusion of this information provides a more
comprehensive time series of gene expression profiles at various times throughout the
Platynereis dumerilii life cycle.
Comparative Transcriptome
To enable comparative studies of gene expression between model organisms during
early embryogenesis, we incorporated the expression data from six additional species
includingDanio rerio [90], Xenopus tropicalis [89], Homosapiens [93], Strongylocentrotus
purpuratus [88], Nematostella vectensis [92] and Ascaris suum [91]. Orthologous groups
were identified using OrthoMCL [102] with reciprocal BLASTP search at protein level.
To further assist comparative analyses and to provide annotation validation, we con-
structed a large scale evolutionary comparison between our gene models with 17 other
species in phylogenetically informative positions including Capitella teleta [103], Helob-
della robusta [103], Lottia gigantea [103] Crassostrea gigas [104], Daphnia pulex [103],
Tribolium castaneum [103], Drosophila melanogaster [82], Strongylocentrotus purpura-
tus [83], Saccoglossus kowalevskii [103], Branchiostoma floridae [103], Danio rerio [105],
Xenopus tropicalis [103], Homo sapiens [105], Nematostella vectensis [103], Amphime-
don queenslandica [103], Trichoplax adherens [103], and Monosiga brevicollis [103]. A
customOrthoMCLpipelinewas used to identify a total of 40,206 homologous groups out
of which 32,482 groups have at least two species. A pairwise BLASP search with cutoff
1e-05 and 50% identity was performed. The orthologous relationship was established
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only if genes are the reciprocal best hits for any two species. For eachPlatynereis dumer-
ilii gene having orthologous genes, a phylogenetic tree was created using RAxML [106].
Both, maximum likelihood and parsimony trees can be accessed in PdumBase. Themul-
tiple alignment for each orthologous group is constructed using CLUSTALW [107].
Utility and Discussion
PdumBase provides a comprehensive, versatile online tool to investigate stage spe-
cific transcriptional inputs during embryogenesis and throughout the life cycle of the
annelid Platynereis dumerilii and other selected species. Users can search the genes
of interest and examine their functional annotation, expression profiles, co-expression
networks, and use the genes for comparative analyses. In addition to the search mod-
ule, PdumBase also offers the option of downloading the queried data and searching
the transcriptome using BLAST. Here we describe the interface and functions of these
modules.
Annotation Search
To facilitate utility of PdumBase for a broad range of research questions, users may
want to mine data using a variety of search parameters. This versatile accessibility to
retrieve genes of interest is provided through a powerful search engine allowing users
to query specific keywords covering a large array of functional annotation categories.
These include gene ID, protein name, gene ontology, Pfam, KEGG pathways, eggnog,
SignalP and tmHMM information. The search results are displayed as an expression
profile of the matched genes as well as their functional annotation information. By de-
fault, the results page displays the Swiss-Prot annotation based on protein level BLAST
search, and the expression data for early stages (2 to 14 hpf). Users can expand this
table to include expression profiles of later stages (by checking the “Show later stages”
box), detailed annotation (by selecting the “Show detailed annotation” box) and other
advanced information by selecting “Show plots” and “Show other info” in the interface
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(Figure 2.2). More detailed annotation can be obtained from the interface with links to
the gene ontology, Pfam, KEGG pathways, EggNOG, SignalP and tmHMM information
of the corresponding genes. Links to external data sources are also provided. Where
available, the links to additional pages will be shown, including the expression of orthol-
ogous geneswhereas phylogenetic analysis and co-expression network information can
be obtained by clicking “Show other info” (Figure 2.2).
Sequence Similarity Search
In addition to searching using keywords, PdumBase also supports sequence-based
queries via the BLAST search page. Users can input either nucleotide or protein se-
quence. The search options for BLAST, including the E-value, the number of alignments,
and the type of search are customizable. The search results return the expression as
well as the functional annotation information for the matched sequence.
Additional properties of each gene such as (i) isoform level data and corresponding
plots, (ii) replicate information including all biological and technical replicates, (iii) the
raw read count information as estimated by RSEM, and (iv) detailed annotation informa-
tion (Supplementary Figure A.1.2) can also be accessed from the gene ID page. While
the main results page displays information on the best hit for genes in Platynereis, the
detailed annotation information provides information regarding the source of the anno-
tation.
Comparative Analysis
For investigators interested in comparative studies, PdumBase also provides a search-
able interface for an additional six species including Danio rerio, Xenopus tropicalis,
Homo sapiens, Nematostella vectensis, Strongylocentrotus purpuratus, and Ascaris
suum.
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Figure 2.2: PdumBase search interface and expandable search result options. a PdumBase
Search interface. An example under Functional Annotation on “Keyword search” field is shown.
b The PdumBase Results interface displays the expression data at different stages of devel-
opment for each identified gene. c Screen capture of the interface obtained when the option
“Show detailed annotation” is selected from the Results screen. Detailed annotation includes
Gene Ontology, KEGG, EggNOG, and more. d The results interface when the option “Show plots”
is selected. This option displays the expression data (in FPKM) plotted over time of development
for each gene found. e Result interface with the “Show other info” option selected. Clicking on
the Green checkmark icon will redirect to a new tab with expanded search results for: “Ortholog
Expression”, “Ortholog groups”, and “Co-expression”
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Through “Show other info” in the search result page, users can link to comparative in-
formation provided under the “Ortholog expressions” column if orthologous genes were
identified through our automated approach (see above). The developmental expression
profiles for all the orthologous genes are also provided in a single window to facilitate
easy comparison of orthologous expression patterns. To further facilitate comparative
studies and to enable additional validation for the annotations, PdumBase displays the
phylogenetic analyses for each P. dumerilii gene with homologous counterparts across
18 species. The “Orthologous groups” page includes four tabs: (i) a list of information re-
lated to all orthologous genes including the protein name, protein ID (accession number),
species, species class and the links for downloading their protein or cDNA sequences,
(ii) a tree plot based on maximum likelihood, (iii) a tree plot based on maximum parsi-
mony, and (iv) a CLUSTALW multiple alignment report. The tree files, alignment report
and all the protein/cDNA sequences are downloadable (Figure 3).
Co-expression Information
Expression patterns shared bymultiple genesmay indicate the function in a similar bi-
ological process. By clicking on corresponding entry in the “Co-expression Info” column,
PdumBase provides co-expression information that may reveal the potential interaction
among a set of genes. This page is tabulated into three categories, namely “The same
cluster”, “All”, and “DE genes”. Genes foundwithin the same cluster by clustering analysis
are shown in the first tab whereas the second tab includes every developmental gene
expression profile independent of the cluster analysis. The co-expression network also
provides the topological overlap information, which can be used to examine the simi-
larity of interaction with all other genes in the network. The “DE genes” tab shows the
co- expressed genes between each adjacent developmental stage for both, up-regulated
and down-regulated genes.
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Figure 2.3: PdumBase expandable results option. a PdumBase results interface displaying the
options under “Show Other Info”. Click on the green check mark will open a new tab. b Inter-
face retrieved when the green check mark icon under “Ortholog group” is selected. The resulting
interface displays for the particular Platynereis gene under search, all the species in which an
orthologous gene was found. The protein and/or cDNA sequences can be downloaded individu-
ally for each orthologous gene, or for the complete set shown in the result table. c and d Display
Phylogenetic trees of the orthologous groups: ML tree (c) and Tree- Parsimony (d)
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Database Implementation
All data content is stored in a MySQL database. The web interface was implemented
using PHP and the Smarty template engine. The business logics and presentation are
separated by employing the model-view-controller design pattern. A centralized con-
troller is used to coordinate the client requests and generate the corresponding views.
All plots are either generated by server-side R scripts or client-side JavaScripts. In ad-




The annotation and BLAST search results are all downloadable in text format (CSV)
or as an Excel sheet. In addition, all assembled transcripts; annotation, expression data
and differentially expressed genes are also available for download on our website. The
raw Illumina reads are available upon request.
Manual
A manual providing a detailed description of all the features and how to ac-
cess them is available on the PdumBase web page http://pdumbase.gdcb.ias-
tate.edu/platynereis/controller.php?action=manual, as well as in Appendix A.
Conclusions
PdumBase offers a user-friendly platform for researchers to study the regulatory land-
scape for a spiral-cleaving embryo with an emphasis on early developmental stages of
Platynereis dumerilii, and selected later stages throughout its life cycle. It provides re-
searchers with an online tool for fast, dynamic, retrieval of expression patterns during
early stages of development and life cycle. Furthermore, the large-scale data sets and
comparative analyses offer valuable information for the studies of molecular dynamics
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and evolutionary aspects of the P. dumerilii transcriptome in comparison to other model
systems. It represents one of the first attempts to integrate and harness developmental
expression profiles from various species in combination with phylogeny based annota-
tions offering a versatile online research tool to discover and investigate various aspects
of animal evolution and development.
Future expansions for PdumBase may include genome-wide expression profiles after
experimental manipulations, single cell transcriptomic data for early stages of devel-
opment, and genomic information of regulatory regions to provide further entry points
for promoter and network analysis. Further database subdivisions could display more
detailed and/or manually curated aspect of early development e.g. asymmetric cell di-
vision, distinct pathways, or the emergence of distinct cell lineages and cell types. Addi-
tionally, we consider the inclusion of images of gene expression data as a possible and
valuable future expansion. Further PdumBase expansions may include an interactive vi-
sualization of clustered genes based on expression profile. Such tool would enable the
user to fine tune the cluster parameters while simultaneously visualizing the change in
cluster composition allowing to user to examine different sets of genes at a time.
As such, PdumBase can be seen as a prototype for an online research tool tomake any
large-scale genome-wide data set quickly accessible to researchers without requiring
prior expertise in bioinformatics, showcasing how valuable and extensive transcriptional
data set can be made accessible for community wide data mining. The versatility and
variety of search options enable a wider range of research questions to be investigated
bothwithin a single laboratory and across the scientific community. The creation of such
a database opens the genome-wide discovery space of data sets to the entire greater
scientific community.
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Abstract
Background The annelid Platynereis dumerilii is increasingly used as a model organism
for developmental comparative studies due to its phylogenetic position as a lophotro-
chozoan/spiralian and the accessibility of embryos that exhibit a stereotypic cleavage
pattern and invariant cell lineages with predictable cell fates. One important biological
process during development in most multicellular species is ciliogenesis, the formation
of cilia, organelles associated with a variety of cellular roles such as motility, signaling,
and sensory functions. However, knowledge of the multiple molecular components in-
volved in the assembly of motile cilia in multiciliated cells (MCC) in P. dumerilii is limited.
To close this gap, we developed a sophisticated computational approach that combines
the identification of high confidence ciliogenesis candidate genes through orthologous
discovery of known ciliary genes described in other species, with guilt-by-association
guided novel ciliary gene discovery based on co-expression patterns between annotated
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and non-annotated genes. Our study is informed by expression data obtained fromwild-
type and hyperciliated P. dumerilii larva.
ResultsOur results reveal over 600 known ciliary genes, described in other species, to be
conserved in P. dumerilii and significantly upregulated (p-value ≤ 0.05) in hyperciliated
embryos. These include genes encoding for well-known candidates in ciliogenesis such
as dyneins, kinesins, microtubule organizers, intraflagellar transport, basal body associ-
ated proteins, signaling proteins, and transcription factors. Our approach further allowed
for the expansion of the known ciliary gene set, and enabled the identification of possi-
ble novel ciliogenesis candidate genes among poorly characterized (non-annotated) P.
dumerilii transcripts.
Conclusion This study highlights possible differences in the components necessary to
initiate ciliogenesis in MCC cells during development in P. dumerilii and those described
in vertebrate MCC differentiation. This work hence represents a first step towards the
generation of a comprehensive set of ciliogenesis candidate genes that bridges the gap
between our current understanding of phenotypic and genomic relationships of ciliogen-
esis in Platynereis dumerilii and other species.
Background
Cilia are small microtubule-based projections from the cell surface, found in a large
proportion of eukaryotic cells [108]. This conserved organelle appears to have evolved
prior to the divergence of the last eukaryotic common ancestor [109] and is known to
be involved in diverse physiological functions including motility, displacement of fluids,
signal transduction, sensory perception, and the establishment of left/right patterning
during development [109, 110, 111]. More specifically, motile cilia present inmulticiliated
epithelial cells have an important role regulating the development and function of many
organs including the brain [112], respiratory passages [113] and fallopian tubes [114]. In
addition, cilia biosynthesis is tightly coordinated with the cell cycle [115].
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Given the diversity of roles performed by cilia, ciliary dysfunction can have profound
physiological and developmental effects in the organism. In fact, several human dis-
eases, collectively known as ciliopathies, have been linked to cilia defects [116]. A key
step to understanding ciliary biology, and consequently to gain a deeper insight into the
causes of ciliary dysfunction, consists in the identification of the components involved
in the process of ciliary assembly.
Previous surveys have reported hundreds of proteins and genes to be involved in the
assembly, structure, and function of cilia. For instance, Inglis et al. [108] compiled
a ciliary proteome database reporting 157 proteins characterized in either Drosophila
melanogaster or C. elegans, for which orthologs in five species including human and
mouse were identified. Similarly, Gherman et al. [117] published the now defunct ciliary
proteome database that integrated and curated ciliary proteomic data from ten different
studies. Based on 75 proteins with experimental validation, the authors reported 1162
human ciliary proteins using computational predictions. In a more recent publication,
Arnaiz et al. [118] reported the compilation of Cildb. This database contains predicted
ciliary proteins from 44 species including their ortholog relation and links to human dis-
eases referenced in the Online Mendelian Inheritance in Man (OMIM) database. Finally,
a gene set published by the SysCilia Consortium [119] includes 303 curated ciliary genes
and is considered the gold standard of known ciliary genes all included genes have ex-
perimental evidence for ciliary localization, function in ciliogenesis and/or involvement
in ciliopathies.
These ciliary gene surveys not only highlight the complexity of cilia but also that of cil-
iogenesis, implying that the expression of such a large number of genes must be tightly
coordinated to assure the proper progression of ciliogenesis. This regulation of gene
expression is achieved in part at the transcriptional level. In particular, previous studies
have independently found RFX (regulatory factor x) [120, 121] and FOXJ1 (forkhead box
J1) [110, 122] transcription factors to be required for the expression of ciliary compo-
nents across different taxa.
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Cilia have been lost independently many times during evolution [109]. However, struc-
tural organization of cilia is generally conserved across different taxa. In general, a cilium
consist of an axoneme, amembrane covered projection of themicrotubule cytoskeleton
extending from the basal body that anchors it to the cell surface. Within the axoneme,
the arrangement ofmicrotubules varies in different types of cilia. Inmotile cilia, the char-
acteristic microtubules arrangement consists of 9 doublets surrounding a central pair,
whereas in non-motile cilia the central microtubule pair is absent [123, 124].
In this study we identified conserved and candidate novel ciliary genes in the inver-
tebrate Platynereis dumerilii commonly known as the ”bristle worm” or ”ragworm”. P.
dumerilii, a protostome belonging to the superphylum Spiralia/Lophotrochoza and to
the phylum Annelida, is in a key phylogenetic position for comparative studies among
bilaterians [125]. In addition, this annelid appears to have retained ancestral morpholog-
ical and genomic features, suggesting that its genes and cell types could informative to
gain insights into ancestral bilaterian features [126].
The genome of P. dumerilii is about 1Gbp in size [127], which is considered large in
comparison with other invertebrates [126]. Interestingly, the number and position of
introns in theP. dumerilii genome is of greater similarity to vertebrates than to someother
protostomes (i.e the ecdyzosoans D. melanogaster and C. elegans) [128]. In addition,
the P. dumerilii genome not only contains orthologs of many protein coding genes of
vertebrates, but their protein sequences also show a lower divergence from vertebrates
than fly and nematode [126, 128]. Taken together, these properties strongly support P.
dumerilii exhibiting a slow rate of evolution compared to other protostomes. This slower
rate of divergence is of particular interest because it allows for stronger inferences to be
made regarding ancestral genes gene functions.
The species phylogenetic position and slow evolutionary rate make P. dumerilii a suit-
able species for studies in comparative genomics, evolution and development. In addi-
tion, P. dumerilii shows indirect development with invariant stereotypical cleavage pat-
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terns that leads to the formation of the trochophore, a free swimming ciliated larva. A
defining feature of the trochophore larva is a ciliated ring, the prototroch, located in the
equatorial plane. This structure consists of two rows ofmulticiliated cells that originates
from the trochoblasts and starts to be visible at around 12 hours post fertilization (hpf).
Shortly after the formation of the prototroch a ciliated apical tuft is formed, followed by
the formation of a posterior ciliated structure, the telotroch [129]. Hence, here we use
P. dumerilii as a model organism to elucidate the formation of cilia, a crucial biological
process during development.
Despite the important role of cilia and ciliogenesis, very little is known about this pro-
cess and its transcriptional regulation in P. dumerilii. Current studies in invertebrates are
mostly limited toDrosophila andC. elegans, both highly diverged species that lackmotile
cilia, imposing a challenge when establishing homologies between their candidate cil-
iary genes with genes of other groups of organisms, and limiting such homologies to
non-motile cilia.
To close this gap, we identified conserved and candidate ciliogenesis genes in
Platynereis dumerilii. Currently, no survey of ciliary genes in P. dumerilii has been pub-
lished. To that end, we first compiled a set of known ciliary genes from different data
sets reporting genes and proteins involved in ciliary assembly in different taxa, and we
determined the extend of known ciliary genes conserved in P. dumerilii.
Next, we experimentally induced the formation of hyperciliated larvae in P. dumerilii
through the pharmacological activation of the Wnt-β-catenin signaling pathway. Differ-
ential analysis of expression data from the hyperciliated larvae compared to thewild-type
larvae then allowed for the definition of a high confidence ciliary gene set in P. dumerilii.
Based on this gene set, we were able to obtain additional novel ciliary candidate genes
using co-expression analysis between the annotated genes of the high confidence set,
and non-annotated but significantly differentially expressed genes from our hypercili-
ated expression data. Our results not only enrich the understanding of developmental
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processes of P. dumerilii, and of ciliary biology in a broader scope. They also provide
insights into the evolution and diversity of cilia, and into the process of ciliogenesis as a
whole, especially its transcriptional regulation.
Results
Identification of Known Ciliary Genes in P. dumerilii
We compiled a comprehensive set of 2359 known ciliary genes by combining genes
reported in seven different ciliary studies (Table 3.1). The set includes all ciliary genes
(303) from SysCilia [119] which provides a curated gene list with experimental evidence
for ciliary localization, function in ciliogenesis, and/or involvement in ciliopathies. In ad-
dition SysCilia includes experimentally validated genes with ciliary annotation from the
Gene Ontology Consortium (GO). Similarly, we included 308 genes from Cildb [130], a
database that compiles information from 53 high throughput ciliary and centriolar stud-
ies reporting ciliary genes in 44 species. Only human ciliary genes from Cildb with 8 or
more referenced studies were included. In addition, we integrated all genes reported by
Sigg et al. [131] in which a list of 436 ciliary genes isolated from a sea urchin (Strongy-
locentrus pupuratus), a sea anemone (Nematostela vectensis), and a choanoflagellate
(Salpingoeca rosetta) was compiled. Genes reported in this study are conserved in at
least two of these three species. We refer to this subset of known ciliary genes as the
shared ciliary proteome (Table 3.1).
Our compilation of known ciliary genes also includes all genes with confirmed ciliopa-
thy involvement, as well as genes identified as candidate ciliopathy genes reported in the
study of Reiter et al. [132]. This extensive review reports 426 confirmed ciliary genes,
from which 187 have established ciliopathy association, and 241 are reported as candi-
dates (potentially involved in a ciliopathic phenotype).
Furthermore, we included genes from three studies identifying targets ofFoxJ1
and/orRfx factor in the context of ciliary studies. These two transcription factors are
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Table 3.1: Description of sources of known ciliary genes showing the number of genes obtained
from each source and the number of genes found conserved in P. dumerilii







SysCilia [119] High confidence gene set
with experimental validation
302 296
Cildb [130] Genes from 55 high through-
put ciliary studies.compara-
tive genomicswith 44 species
308 260
Shared Ciliary Proteome [131] Ciliary proteins isolated and
conserved in at least two of
the following: S. purpuratus,
N. vectensis, and S. rosetta
436 429
Ciliopathy review [132] Genes with confirmed ciliopa-
thy involvement and candi-
date ciliopathy genes
426 419
RFX targets by Chung et.
al[121]
Genes induced by Rfx2 in X.
laevis high throughput analy-
sis
911 858
FoxJ1 targets by Choksi et.
al[110]
Genes induced by FoxJ1 in D.
rerio high throughput analysis
596 543
RFX targets by Quigley et. al
[133]
Rfx2 targets indentified in X.
laevis 473 overlap with Chung
et. al set
852 769
FoxJ1 targets by Quigley et.
al[133]
FoxJ1 targets indentified in
X. laevis 224 overlap with
Chosky et. al set
786 764
Non-redundant Total 2359 2187
known as master regulators of ciliary assembly. By including genes from these three
studies, wewere able to 1) add transcriptional information to genes already in our known
ciliary gene set by labeling them as targets of Rfx2 and/or FoxJ1, and 2) enrich our set of
known genes with additional candidates. This resulted in 573 genes identified as FoxJ1
targets in zebrafish (Danio rerio) by Choksi et al. [110]. Out of these genes, 336 had pre-
viously been listed as ciliary genes in other sources [108, 117]. Similarly, we aggregated
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676 genes reported by Chung et al. [121] as targets of Rfx2 in frog (Xenopus laevis). Fi-
nally, in a more recent study in X. laevis, Quigley et al. [133] reported 952 genes induced
by Rfx2, and 787 by FoxJ1, 429 of these genes are regulated by both transcription fac-
tors. This resulted in a total of 2359 known ciliary genes, the detailed list of which is
available in Supplementary Table B.2.1.
Next, we used the Blast alignment tool [134] to identify the corresponding ortholog
genes in P. dumerilii based on sequence similarity (see Methods). Table 3.1 summa-
rizes the sources of known ciliary genes compiled in this study, as well as the number
of known ciliary genes found to be conserved in P. dumerilii. We identified potential or-
thologous genes to 2187 of the 2359 genes in the known set. These 2187 known cil-
iary genes correspond to 1610 P. dumerilii transcripts of which 1240 have a one to one
match to a single known ciliary gene, and 370 transcripts have significant alignments to
more than one known gene. Such multiple alignments usually correspond to genes of
the same gene family. However assigning a single P. dumerilii gene to a particular gene
in a gene family would require a deeper phylogenetic analysis for each individual gene.
Hence, we retained all significant alignments as potential annotations, and we assigned
a weighted score (see Methods) to rank such potential annotations based on the qual-
ity of their alignments. The complete list of genes with multiple significant matches is
detailed in Supplementary Table B.2.2.
High Confidence Known Ciliary Genes
Wecategorized the genes in the known ciliary set based on the strength of the support
linking each gene to cilia. The more sources reporting a given gene as ciliary gene, the
more confidence to consider such gene a known ciliary gene. This allowed us to identify
two subsets: a strict core of known ciliary genes, and an inclusive core (Table 3.2). The
strict core contains a set of 57 high confidence ciliary genes, independently reported
in SysCilia [119], Cildb [130], the shared ciliary proteome [131] and the ciliopathy review
[132]. Therefore, all genes in the strict core have been experimentally validated and their
localized expression and/or their function in cilia is well documented. 53 of the genes in
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this core are reported to be targets of FoxJ1 and/or Rfx2, 37 have confirmed involvement
in a ciliopathic phenotype while the remaining 20 are candidate ciliopathic genes. Based
on sequence similarity we identified 55 of the 57 high confidence genes known ciliary
genes in P. dumerilii (Table 3.2).
The other subset represents a more inclusive core corresponding to genes reported
in two out of the four sources with experimental validation. This core contains 325
genes, of which 284 genes have reported localization/function in the cilium, 221 have
transcriptional input information, 141 are confirmed ciliopathic genes and 144 are can-
didate genes. From this core of known ciliary genes, we found 291 to be conserved in P.
dumerilii (Table 3.2).
In addition, known ciliary genes were also classified according to the information pro-
vided in the sources. For instance, two of the seven sources of known ciliary genes re-
port localization and/or functional information [119, 132] resulting in a total of 469 genes
to have localization information. We extracted all localization and functional terms and
grouped similar terms into 10 modules. These modules are part of three ciliary com-
ponents: 1) structural component, which includes terms related to axonemal, transition
zone, basal body, ciliary membrane, and central pair, 2) functional component, including
motility, transport, signaling, and regulation terms, and 3) ciliogenesis precursor, encom-
passing centrosome and ciliary vesicle related terms.
Themajority of the geneswith localization and/or functional information fall intomore
than one module. For instance, the gene encoding for the protein Cep290 is part of the
structural module as this protein is present in the basal body, however gene cep290 is
also annotated as part of the centrosome [132]. Table 3.3 summarizes all known cil-
iary genes along with the number of genes found in P. dumerilii, as well as the number
of genes based on their associated information: 1) potential ciliopathic involvement,
2) transcriptional input, and 3) localization. Supplementary Table B.2.3 lists high con-
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Table 3.2: Known ciliary genes classified into strict and inclusive core of high confidence genes.
For each sub-set of known ciliary genes the intersection of known genes/transcripts found in P.
dumerilii differentially expressed after β-catenin induced cell fate transformation
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fidence genes in the strict and inclusive core including their localization/function, cilio-
pathic involvement, and transcriptional information when available.
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Table 3.3: Summary of Known ciliary genes discriminated into sub-sets based on trancriptional
and ciliopathy information. For each sub-set of known ciliary genes the intersection of known














































































































Based on sequence similarity we identified potential P. dumerilii homologous genes
for the majority of the genes in the set of known ciliary genes compiled from differ-
ent sources. However, sequence similarity alone does not provide certainty that these
genes are indeed involved in ciliary assembly andor ciliary function in the annelid worm.
To further test this, we induced the formation of a hyperciliated embryo and observed
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the expression of known ciliary genes in such embryos compared to that of normally
developing embryos. In the next section we describe the results of this approach.
Candidate Genes by β-Catenin Cell Fate Transformation
Normal embryonic development of Platynereis dumerilii involves the formation of the
trochophore, a larval stage consisting of free swimming larva with a ciliated ring on the
equatorial plane. A prelude to the trochophore, the protochophore, is reached inP. dumer-
ilii at about 12 hours post fertilization (hpf) (Figure 3.1A). At this early stage, cilia are
starting to be visible in the pre-hatching larva. We hypothesize that most of the genes
required for ciliary assembly should be expressed at 12 hpf, in preparation to form the
ciliated ring.
Prior to the formation of the ciliary ring, early P. dumerilii development is characterized
by asymmetric cell divisions oriented along the animal-vegetal axis. One interesting fea-
ture of P. dumerilii development, only observed in few other organisms [135], is that in ev-
ery cell division along this axis, there is a reiterative pattern of asymmetric distribution of
β−Catenin protein between the two daughter cells [136]. This leads to a higher concen-
tration of β−Catenin in the vegetal-pole cell and lower concentration in the animal-pole
daughter cell (Figure 3.1B.). Interestingly, this asymmetric distribution of β−Cateninme-
diates binary cell fate decisions enabling cell fate diversification between daughter cell
pairs in the P. dumerilii embryo [135].
Furthermore, it has been previously shown that pharmacological activation of the
Wnt/β-catenin signaling pathway with 1-azakenpaullone (Az) alters the asymmetric dis-
tribution of β−Catenin causing distinct cell fate transformations [136]. More specifically,
treatment with Az during the transition from 8 to 16-cell stage in P. dumerilii embryos (∼
3:45 hpf to 4:30 hpfwhen developing at 18◦C ) caused a cell fate transformation resulting
in larva with an increased number of cilia bearing cells (Figure 3.1C).
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Figure 3.1: A. Schematic representation of the first 14 hours of P. dumerilii development, ciliary
structures (depicted in dark gray) start to be visible at 12 hpf. Cells committed to become multi-
ciliated are shown in light and dark gray. B. Asymmetric distribution of β-catenin concentration
mediating binary cell fate decision. High concentration of β-catenin (shown in red) favors veg-
etal pole fate.C. Schematic representation of the cell fate transformation expected when treat-
ing embryos with 1-Azakenpaullone (Az), a GSK-3β inhibitor causing accumulation of β-catenin.
Expansion of ciliated structures shown in dark gray. D. Distribution of known ciliary genes, an-
notated transcripts, and non-annotated transcripts in the sets of differentially expressed genes
by Az-treatment. E. Experimental setup for ectopic β-catenin activation in three replicates. Em-
bryos were Az treated (5µM Az) for 45 minutes during the transition from 8 to 16 cells, control
group was treated in the same time frame with 0.1%DMSO. RNA samples for sequencing were
collected at 12 hpf, phenotypic screening was performed at 12 and 24 hpf. F. In situ hybridiza-
tion of three tektin genes at 12 and 24 hpf in control and Az-treated conditions. All embryos are
shown in ventral view with anterior at the top. Schematic on the left show ciliated structures in
gray.
Hence, we triggered the formation of hyperciliated larva by treating P. dumerilii em-
bryos with Az during the cell division from 8 to 16-cell stage. In normal conditions, such
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cell division produces vegetal-pole cells that differentiate into ciliated cells, while their
animal-pole sister cells generate anterior structures. In the treated embryos however, Az
elevates the β−Catenin concentration in the animal pole cells, whose concentration is
normally low. This elevated level of β−Catenin promotes a cell fate transformation from
animal-pole to vegetal-pole daughter cell fate. As a result larvae from treated embryos
have an increased number of cililated cells, and ciliated cells are no longer confined to
the equatorial plane but expanded toward the animal pole (see Figure 3.1E,F).
As both treatments, 0.1% DSMO (control), and 5µM 1-azakenpoullone (treatment),
were administrated to the offspring of onemating event, our analysis takes into account
not only the differences between control and treatment, but also the differences of each
independent mating event (with three biological replicates). This constitutes a paired
design in which each mating event receives both the control and the treatment. To ac-
count for this, our analysis compares treatment and control for each mating event sep-
arately to subtract the differences between them. After treatment, at 12 hpf a portion
of ∼ 500 embryos from both control and treated sets from each batch were taken for
RNA extraction, and RNA sequencing (see Methods). Phenotypic screening at 24 and
48 hpf showed a hyperciliated phenotype in> 90% of the treated embryos and a normal
trochophore phenotype in the control set (Figure 3.1E figure).
Quantification of gene expression by RNA-seq followed by differential expression anal-
ysis between Az-treated and control embryos allowed for the identification of 4517 genes
upregulated by the treatment (Figure 3.1D). Among this set of significantly upregulated
genes, 2380 are annotated genes and the remaining 2137 constitute non-annotated tran-
scripts.
Interval of Expected Gene Expression Change based on Cell Lineage Transformation
In order to identify the precise subset of upregulated ciliary genes which can be at-
tributed to the activation of the Wnt/β-Catenin pathway, we hypothesized that such a
set of genes is expected to be upregulated in a fold change that reflects the lineage
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8-cell stage 16-cell stage
2 ciliated cells x4
4 ciliated cells x4
Neuroectoderm + Trunk
Endoderm + Mesoderm
4 ciliated cells x4





Figure 3.2: Predicted effect of cell fate transformation on treated embryos: Expected in-
crease of ciliated cells in treated embryos. Ciliary and endo-mesoderm genes are expected to be
upregulated by the treatment. cells bearing cilia in treated embryos increase in a factor of 1.3.
From 24 cells with cilia in control embryos to ∼ 32 in treated embryos.
transformation triggered by the treatment, resulting in the increase of cells bearing cilia.
To define this fold change we take into consideration the number of ciliated cells in the
normal developing larva compared to that of the hyperciliated treated larva. More pre-
cisely, in the normal trochophore stage the ciliated ring consists of 24 ciliated cells (see
Figure 1a at 10 hpf), while in the treated embryos we estimate the number of ciliated
cells to increase to at least 32, an increase by a factor of ∼ 1.4 (Figure 3.2).
The increase of ciliated cells in the treated embryos consequently allows for the defi-
nition of an interval of expected fold change of gene expression between 1.3 to 2. Here,
the lower bound of 1.3 reflects the increase from 24 to 32 ciliated cells in the treated
embryos whereas the upper bound of 2 is reasonably chosen to be more inclusive in
order to account for possible biological and experimental variation of expression.
To better define this interval of fold change, we identified eight different sets of genes
among the 9374 annotated and diferentially expressed genes from the above analysis.
Some of these gene sets are known to either be related to cilia assembly or being as-
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sociated with non-ciliary functions, and we examined their distribution in regard to the
ratio between Az-treated and control expression values. From those eight gene sets,
six contain annotations related to cilia such as axonemal, dynein, flagellar, intraflagellar
transport, kinesin, and tubulin, whereas the other two sets consist of genes with non-
ciliary related annotation such as ribosomal and myosin. The distribution of the ratios
between the gene expression level in treated and control embryos shows that for the
majority of the genes with ciliary annotations the expression level increases by a factor
between 1.3 and 2 in the Az-treated condition. One noteworthy exception are genes as-
sociated with tubulin where the majority of genes are found in a lower ratio interval (1
to 1.7)(Figure 3.3f). In contrast, the distribution of ratio of expression level for the gene
sets not related with cilia is significantly lower (4% for ribosomal and 20% for Myosin
gene set) compared to that of the ciliary annotated genes (Figure 3.3).
Among all genes included in the DE analysis (17378 genes), 4004 genes exhibit an in-
crease in expressionwithin the ratio interval in the treated condition. Not surprisingly, the
majority of these 4004 genes were found to be significantly upregulated in our analysis
(2866). As a consequence, we leverage the identified ratio as an added source of informa-
tion to aid the identification of ciliogenesis candidate genes and potentialWnt/β-Catenin
targets in combination with the gene annotation and the DE analysis downstream our
analysis pipeliene.
High Confidence Ciliogenesis Candidate Genes in P. dumerilii
Studies in other organisms suggest that about ∼ 600 to ∼ 1000 genes are involved in
assembling and maintaining functional cilia [131, 137, 138]. Our perturbation assay re-
sulted in 4517 significantly upregulated genes in the hyperciliated larva. However, there
are various extends of information available for each upregulated gene. For instance,
2380 of the 4517 upregulated transcripts have gene annotations, while the remaining
2137 genes lack annotation ( Figure 3.1D). In addition, 2866 genes are upregulated within
61
Figure 3.3: Distribution of the ratio of change in gene expression in treated embryos Shown
are the relative abundance of genes per ratio of change in expression between Az-treated and
normal condition for different sets of genes. A-F. Sets of genes with ciliary related annotation
G,H. Sets of genes with non-cilary related annotations. Dotted line indicates the defined ratio of
interest, note that for ciliary annotated genes (A-F) the majority of the genes are within this ratio.
The number of genes per set is shown in parenthesis.
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the expected ratio interval. Therefore, the level of confidence to implicate the upregu-
lated genes with ciliary function in P. dumerilii varies from set to set.
The first step towards identifying ciliogenesis candidate genes among the 4517 tran-
scripts upregulated by the Az-treatment, consists in examining the extent of their over-
lap with the known ciliary genes (1610 transcripts). Among the latter set, we found
611 upregulated genes, 484 of which fall within the defined ratio interval expected for
Wnt/β-Catenin targets. Since, the expression pattern in the treated embryos and evi-
dence from other species are implicating the genes in this set with ciliogenesis, we con-
sider this group of 484 consists of mostly ciliogenesis candidate genes and of potential
direct or indirect downstream targets of the Wnt/β-catenin pathway. Importantly, all of
the genes of the previously defined strict core genes (55 genes known ciliary genes with
the most evidence to be related with cilia in other species) have a change in expression
in the hyperciliated larva that falls within the expected ratio interval, and themajority (48)
are significantly upregulated. In addition, 46 of these genes are reported as targets of
both FoxJ1 and Rfx transcription factors (Table 3.2). Consequently, we consider these
48 genes to be high confidence (HC) ciliogenesis candidate genes, as they are 1) re-
ported by four independent sources as ciliary genes, 2) significantly upregulated by the
Az-treatment, 3) and within the expected ratio interval.
Similarly, among the known ciliary genes in the more inclusive core with 242 homolo-
gous genes in P. dumerilii, a total of 180 are significantly upregulated from which 157 are
within the ratio interval. Filtering these genes for ciliary function allowed us to further
identify potential targets to FoxJ1- and Rfx- dependent transcription, i.e. genes poten-
tially related with a ciliopathic phenotype and genes based on functional modules (see
Table 3.2 for additional details).
Finally, to assess the potential ciliary function of genes in the high confidence set, we
selected the tektin gene family and performed whole mount in-situ hybridization to con-
firm whether or not these genes were expressed in the trochophore (ciliary band) in the
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P. dumerilii larva (Figure 3.1A). The tektin family consists of coiled-coil domain contain-
ing proteins that are thought to form filaments composed of two heterodimers (Tektin-2
and Tektin-4) and one homodimer (Tektin-1) [139, 140]. Transcripts annotated as tek-
tin2, tektin4, and tektin1 are found upregulated in the treated larva. Figure 3.1E shows
localized expression of these three genes at 12 and 24 hpf during normal development
as well as in Az-treated P. dumerilii larva. As expected, the spatio-temporal expression
pattern of these three tektin genes does correspond to that of the ciliated structures in
P. dumerilii larva in normal development as well as the expansion of expression towards
the animal pole (Figure 3.1A,C,F) in Az-treated embryos the will develop into hypercili-
ated larva. These findings confirm that for this particular gene family, the upregulated
tektin-annotated transcripts indeed warrant be added to the ciliogenesis candidate gene
set.
Guilt-by-association Based on Gene Family
In order to expand the high confidence ciliogenesis candidate gene set, we searched
for genes among the annotated upregulated subset (2380 genes) known to be amember
of a gene family contained within the high confidence ciliary candidate set. We refer to
this approach as guilt-by-association based on gene family.
The 48 genes in the high confidence set belong to 18 gene families as follows (the
number of genes per family is shown in parenthesis): Dyneins (10), intraflagellar trans-
port (10), radial spoke head (4), coiled-coil domain containing (4), tetratricopeptide re-
peat domain (3), WD repeat domain containing (3), nucleoside diphosphate kinase (2),
tektin filament forming (1), Bardet-Biedl syndrome (1), small GTPase adenosine diphos-
phate ribosylation (1), sperm flagellar protein (1), serine/threonine- protein kinase (1),
Adenylate kinase (1), Rhophilin associated tail protein (1), clusterin associated protein
(1), growth arrest specific (1), TNF receptor-associated factor (1), EF-hand domain con-
taining protein (1), Hydrocephalus inducing protein(1). We found upregulated genes be-
longing to 13 of the 18 gene families in theHC set, allowing us to identify 118 ciliogenesis
candidate genes through our guilt-by-association (GbA) approach (Table 3.4).
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Of note, among the dynein gene family, we identified dynein axonemal heavy (dnah),
intermediate (dnai), and light chain (dnal), as well as dynein axonemal assembly factor
(daaf). The candidate gene set in this gene family was expanded by 11 genes as 7
upregulated genes annotated as part of the dnah gene family and four annotated as daaf
family were found. In addition, one P. dumerilii transcript annotated as dynein axonemal
light chain was identified in the set of non DE genes. This gene (as well as additional
genes from other gene families), could either be a false negative, or not regulated by the
β-catenin signaling pathway (see Discussion).
Based on gene annotation, the gene family where most candidate genes were found
is the coiled-coil domain containing family (ccdc). In total, 47 upregulated P. dumerilii
transcripts are part of the ccdc gene family, all of which are upregulated in the hyper-
ciliated larvae. Therefore, we were able to expand the candidate gene set in this gene
family from 4 to 47.
Similarly, in addition to the three WD repeat domain containing (wdr) genes already
included in the high confidence ciliary gene set, we identified a total of 76 P. dumerilii
transcripts with WD repeat annotation. From these, 26 genes are already part of the
known ciliary set with 15 being significantly upregulated. Interestingly, of the remaining
50 wdr genes that are not part of the known ciliary genes, only 8 are significantly up-
regulated hence expanding the candidate set of wdr genes by the same number. Most
importantly, these 8 wdr genes had not been reported as ciliary genes in other species
in any of the seven sources included in the compilation of known ciliary genes Table 3.1.
In summary, a total of 26wdr genes (16 known ciliary genes and 8 not part of the known
set) were added to the candidate gene set for the wdr family (Table 3.4).
Finally, for the tetratricopeptide repeat domain (ttc) family, 2 additional upregulated ttc
genes not part of the known set were identified and added to the ciliogenesis candidate
gene set in P. dumerilii. For this gene family, 37 genes are annotated as ttc, and 14 of
those are upregulated and therefore part of the candidate gene set.
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In summary, from the 18 gene families in the high confidence ciliogenesis candidate
gene set, five had no transcripts added to the candidate gene set. Three of these five
gene families had no other transcripts annotated in their family (dynein axonemal inter-
mediate chain, clustering associated protein, and hydrocephalus inducing protein), and
for the other two gene families (Growth arrest specific and Serine/threonine-protein ki-
nase gene) there were other transcripts annotated within these families, but those were
not upregulated and not part of the known ciliary gene set (Table 3.4).
Table 3.4: GbA by gene name: Ciliogenesis candidate genes identified based on gene family
nameof genes in the high confidence (HC) set. (*) denotes non-upregulated, ++, genes not present
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2 dnai2 , dnai1 dyi3 - 2
dnal Dynein axonemal
light chain
2 dnal1, dnali1 dnal4* 0 2
dnaaf Dynein axonemal
assembly factor





10 ift27, ift81, ift122, ift20,
ift74, ift52, ift88, ift172,
ift140, ift80




1 ropn1l ropn1 1 2





















3 ttc29, ttc26, ttc30b ttc29, ttc26, ttc16 ttc25
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1 efhc1 efhc2 1 2
gas Growth arrest
specific
1 gas8 gas1*, gas2* 0 1
spef Sperm flagellar
protein




1 mak7 mak16* 0 1
mne Nucleoside
diphosphate kinase
2 nme7 , nme5 nme8, nme9, nme6* 2 4
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1 hydin - - 1
cluap Clusterin associated
protein
1 cluap1 - - 1
wdr WD repeat domain
containing










1 traf3ip1 traf6, traf7, traf2*, traf3*,
traf4*
2 3
Total 48 118 166
In addition to the 118 P. dumerilii upregulated genes added to the ciliogenesis candi-
date gene set, a total of 56 non-differentially expressed genes had annotations belong-
ing to the same gene families of the HC set of known ciliary genes. From those, only 1
(Wdr59) is within the expected ratio interval. Since the remaining 55 genes are not signif-
icantly upregulated, and their change in expression in the hyperciliated larvae does not
fall within the ratio interval, we refrained from including these in the set of ciliogenesis
candidate genes.
Ciliogenesis Candidate Genes by Co-expression Analysis
Expanding the high confidence ciliogenesis candidate genes through GbA based on
gene family allowed us to identify potential ciliogenesis candidate genes among the 2380
upregulated and annotated genes. However, this approach relies on gene ontology and
hence does not include the subset of 2137 upregulated transcripts that lack annotation.
Any approach to overcome this limitation would require additional sources of informa-
tion besides the annotation vocabulary that allows to reveal the expression properties
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of genes throughout cilia assembly. To obtain such valued information, we examined P.
dumerilii expression data during normal development. Such data enables the elucidation
of geneswith similar expression patters which in turnmay indicate potential governance
by the same regulatory machinery and, more importantly, involvement in the same func-
tional domain [141, 142].
To identify (potentially novel) ciliogenesis candidate genes among all the genes up-
regulated by the Az-treatment, we therefore examined the expression profile of all P.
dumerilii transcripts during normal development. Briefly, we used PdumBase [143] to
extract expression data for both known ciliary transcripts and unknown but upregulated
transcripts in P. dumerilii consisting of 7 time points which cover the first 14 hours of
development (2, 4, 6, 8, 10, 12, and 14 hpf Figure 3.1A). Next, we aimed at identifying
co-expression patterns between the known ciliary genes and the remaining upregulated
genes. Note that the latter correspond to either annotated genes whose annotation is
not related to ciliary function in any other species, or, more importantly, non-annotated
upregulated ciliary genes containing potential novel ciliary genes. We will continue to
refer to these two groups of genes as unknown annotated and non-annotated genes.
Specifically, our approach achieves the task of identifying ciliogenesis candidate
genes by co-expression in twomain steps. First, we grouped the 611 upregulated known
ciliary genes into clusters related to each other by common patterns of expression dur-
ing early developmental stages (2 to 14 hpf). Here, a hierarchical clustering approach
with stringent clustering parameters enforcing high similarity between expression pat-
terns was used (see Methods) to ensure proper separation between distinct functional
modules. Next, the unknown upregulated genes were classified into the clusters of the
known ciliary genes. For this, we used supervised learning to train a random forest using
the expression patterns of the known genes together with their cluster corresponding
id as label and used this model to classify the unknown upregulated genes. By doing
so, our approach allowed for the identification of upregulated genes with very similar
patterns of expression to those of the known ciliary genes. Under this scheme, we clus-
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tered the known ciliary upregulated genes into total of 486 clusters, and then classified
the remaining 3906 upregulated genes into the clusters of known genes (R2 = 0.97 and
R2Adjusted = 0.78).
To explore the content of such a large number of clusters we first ranked them by their
information content (IC)which enabled us to identify clusters in order of their importance
based expression profile features (see Methods).
The known gene in the cluster with the highest IC is rpl10ps3 (Figure 3.4). Rpsl10ps3
is included in the ciliary known gene set as it is reported by Sigg et al. (referenced as
Shared Ciliary Proteome Table 3.1) as a ciliary protein in S. purpuratus and N. vectensis
with an homologous gene found in mouse [131]. The ciliary proteomic analysis by Siggs
et al. reports rpsl10ps3 in the S. purpuratus whole cilia from early gastrula, and in the
axoneme and ciliary membrane in cilia from late gastrula in S. purpuratus, and whole
cilia inN. vectensis. Prior to Sigg et al., rpsl10ps3 had not been reported as ciliary protein
by any other published database. Specific to P. dumerilii, through our gene expression
approach we identified two unknown genes, rs8 and rla2, to be co-expressed with the
homologous to rpsl10ps3 found in P. dumerilii. Interestingly all the genes in this cluster
are encoding for ribosomal proteins (Figure 3.4), providing evidence that our strategy,
based on the expression profiles of the known ciliary genes, does indeed identify genes
with similar function from the unknown set. We also note that rs8 and rla2 are annotated
but their annotation has not yet been reported to be related with ciliary function making
them potential ciliogenesis candidates genes in P. dumerilii.
Co-expression of High Confidence Ciliogenesis Candidate Genes
Our method also allows for the identification of potentially novel ciliogenesis candi-
date genes that correspond to non-annotated, unknown genes with very similar expres-
sion patterns to those of the well-characterized known genes. To identify such poten-
tially novel genes, we first explored the co-expression of the 48 previously identified high
confidence (HC) ciliary genes and their corresponding cluster compositions. These HC
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Figure 3.4: Co-expression of highest IC gene Expression levels over early developmental stages
(2 to 14 hpf) of the genes in the cluster containing the gene with highest information criterion:
Rpl10ps3 (shown in black). All genes in this cluster encode for ribosomal proteins.
genes are significantly upregulated in P. dumerilii Az-treated embryos and homologous
to genes that have been reported as ciliary genes in other species by four independent
sources with experimental validation (first four sources in Table 3.1).
Of the 48 ciliogenesis candidate genes, 45 are found in 38 clusters containing 41 ad-
ditional known ciliary genes, 125 annotated unknown genes (genes with annotation not
known to be related with ciliary function in other species), and with 70 unknown non-
annotated genes (Figure 3.5, Table 3.5). Hence, the co-expression approach allows
to identify 125 potential ciliogenesis candidate genes, among the annotated unknown
genes, and 70 potential novel ciliary candidate genes from the P. dumerilii non-annotated
transcripts found in these clusters. The complete list of genes and transcripts in the HC
clusters can be found in Table 3.5.
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Table 3.5: Ciliogenesis candidate genes by co-expression analysis. Contains the gene name(s)
(for annotated) and the P. dumerilii transcript id(s) (for non-annotated) of the unknown genes that
were classified into the clusters of HC known ciliary genes. Genes that were also identified as
potential candidate genes through the GbA by gene name are shown in gray





















2 dnai2;dnaic2 enkur tsn33 comp217193_c2, comp226147_c0 5
3 dnal1 ppp2r3c;pfn2 cebpb, gpn1 comp211212_c0








6 dnah1;dnah6 - - comp221808_c0, comp225473_c0 3
7 dnah2, dnah10 fgd3 pkhl1 - 4
8 dync2h1 - prof, spat6 - 3





10 ift140 st5 star3, frmd5, cl16a - 5
11 ift20 ccd4 riad1,ptgr2 - 4
12 ift27 dyx1c1 plsl, pif1 comp212783_c5, comp224899_c1 6
13 ift52 - ppct, clcn7 comp223944_c0 4
14 ift74 - uckl1,mpu1, a13cb - 4
15 ift80 - - comp211901_c0 2
16 ift81 ccdc83 spg16 - 3
17 ift88 spata17;c2orf73 - comp224588_c3 3
18 ropn1l;ropn1 rsph14 - comp216541_c1 3
19 rsph3;rsph3b rsph10b2;rsph10b,
cfap57;wdr65
chste , glna,mrp1 comp225031_c2 7






21 ccdc164 tekt4, ak8, cfap61 bre1b comp216883_c0 6
22 ccdc37;cfap100 alg6, iqub ct111 - 4
23 ccdc39, rsph1 morn3, sar1b asx - 5
24 ccdc40 - csp - 2





26 ttc26 - copg2 - 2
27 ttc29 c21orf59 lrrx comp218081_c0 4
28 ttc30a; ttc30b - srbp1 - 2
29 efhc1 ppp4r4 trpv4, trpv5, cc148,
kcrm, ugpa
- 7
30 gas8 ccdc147 - comp224934_c0 3
31 spef2 lpcat4 - - 2
32 bbs9 bgn, zbbx rna103, bur3, cd63,













33 arl3; arl9 mdh1b litaf, tsn1, ca074,
hemk2
- 6
34 hydin dydc2;rgs22 odf3a, ksha, vmp1,
ube2h
- 6
35 cluap1 ttll4, wdr88 cc74b - 4
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Table 3.5: (continued)




Annotated unknown non-annotated unknown Total
36 wdr19 ttc25 celf2 - 3
37 wdr35 - catl - 2



















Total 45 41 125 70 280
We further identified clusters that are most informative to implicate potential ciliary
function among the 38 above clusters. For instance, clusters 1, 7, 9, and 23 each contain
more than one HC ciliogenesis candidate gene (Table 3.5, Figure 3.5). Cluster 1 in partic-
ular comprises a total of 30 genes, four of which are known ciliary genes in other species,
and three of them are part of the HC gene set. Of the HC genes in this cluster, there is a
dynein (dnai1), an intraflagellar transport (ift172), and a gene encoding for a metabolic
enzyme (Ak7). The other known gene in this cluster is lrrc61, a leucine rich repeat con-
taining gene. Lrrc61 is included in the known ciliary gene set as it is reported by Quigley
et al. [144] and Chung et al.[121] as target of rfx transcription factor in Xenopus laevis.
These four known genes are clustered together with 8 annotated unknown and 18 non-
annotated unknown P. dumerilii transcripts. To further examine the potential ciliary func-
tion of the unknown genes in this cluster, we verified if their fold change of expression in
the treated embryos is within the defined ratio interval expected based on the cell fate
transformation triggered by the az-treatment. Two of the annotated unknowns (kc1a
and clax) and five of the non-annotated unknowns (comp190365_c0, comp202482_c0,
comp215655_c4, comp221237_c0, comp224112_c2) exhibit an increase of expression
within the ratio interval. Therefore, these seven upregulated unknown genes with similar
pattern of expression to four known genes can be considered potentially ciliary genes in
P. dumerilii with five of them being potentially novel ciliary genes.
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On the contrary, cluster 7 is a smaller cluster containing four genes, one unknown an-
notated and three known ciliary genes of which two are HC genes. More importantly,
both of the HC genes in this cluster belong to the same gene family: the dynein heavy
chain genes dnah2 and dnah10. The fact that this one unknown annotated gene (pkhl1)
has a pattern of expression similar to that of three known genes suggest that this un-
known gene forms part of the ciliogenesis candidate genes in Platynareis (see Discus-
sion).
Similar to cluster 7, cluster 23 contains four known genes, two of which are HC genes
(ccdc39 and rsph1). Even though the HC genes in this cluster do not belong to the same
gene family, we believe this cluster allows to implicate the one unknown annotated gene
(asx) as a potential new ciliary candidate gene since it behaves very similar to four known
genes (morn3, sar1b, ccdc39, rsph1) (Figure 3.5).
In the case of cluster 9, there are five known genes, two of which are HC genes: an
intraflagellar transport gene (ift122) and a nucleoside diphosphate kinase (nme2). The
other three known genes in this cluster, are a dynein light chain (dynll2), a DPY30 do-
main containing gene (dydc1) known to be involved in spermiogenesis [145], and gene
(morn2) encoding for a MORN repeat containing protein that is known to be expressed
in the testis and might also be involved in spermiogenesis [146]. Together with these
five known ciliary genes, there are six unknown annotated genes in this cluster, and five
genes of these are within the expected ratio interval for the fold change between Az-
treated and non-treated embryos. This cluster then, contains potentially five new cilio-
genesis candidate genes among the unknown annotated transcripts.
Interestingly, there is another cluster (cluster 34, Table 3.5, Figure 3.5) with a DPY30
domain containing gene (dydc2) as part of the known ciliary genes. In this case, dydc2
is grouped with the HC ciliary candidate gene hydin as well as with four unknown an-
notated genes (odf3, ksha, vmp1, ube2h). Of these, the outer dense fiber of sperm tail
3 (odf3) gene encodes for a filamentous protein located on the outside of the axoneme
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in sperm flagella [147]. As with dydc genes, odf3 gene is involved in spermiogenesis,
which again indicates that the co-expression approach is able to detect genes with sim-
ilar function based on their expression profiles. This particular cluster, containing two
known genes (hydin and dydc2) and four unknown annotated genes (odf3, ksha, vmp1,
ube2h), again supports including the annotated unknown genes as potential new cilio-
genesis candidate genes in P. dumerilii.
One additional cluster with multiple genes of the same family is cluster 5. This cluster
contains one dynein from the HC known genes, and three from the ciliogenesis candi-
date genes by GbA by gene name. The fact that four dyneins are present in this cluster,
indicates that the co-expression approach is indeed identifying groups of genes that
have similar function (Figure 3.5, Table 3.5). Therefore, the unknown genes in this clus-
ter, are likely to have a function related to that of the co-expressing known genes. Cluster
5 contains a total of 15 genes, comprising 10 unknown and five known genes: the four
dyneins and eif4g1, eukaryotic translation initiation factor 4 gamma 1 gene, reported
as ciliary gene target of Rfx by Chung et al. [121]). Among the 10 unknown genes in
this cluster are 8 unknown annotated and 2 non-annotated transcripts. Six of the anno-
tated unknown genes (gsto1, vigln, kcrt, lama4, tm9s2, and my18a) have a fold change
of expression between treated and normal condition, that falls within the expected ra-
tio interval. This further indicates their potential involvement in ciliogenesis as possible
targets of the wnt/beta-catenin pathway. Overall, the over-representation of dyneins in
the known genes of this cluster, supports the potential ciliary function of the unknown P.
dumerilii transcripts in this cluster.
In general, the analysis of co-expression of the HC ciliogenesis genes in P. dumerilii
allowed to identify 125 potential new ciliogenesis candidate genes among annotated
unknown P. dumerilii genes, and 70 potential novel ciliogenesis candidate genes among
the non-annotated unknown transcripts. In the latter set in particular, the co-expression
analysis allowed us to filter from 2137 non-annotated upregulated transcripts down to 70
transcripts that have highly similar expression profile to the known ciliary genes. Among
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Figure 3.5: Co-expression of high confidence ciliogenesis candidate genes. Expression levels
(logCPM) over the first 14 hours of P. dumerilii development are shown for the 38 clusters of the
45 HC genes. Name of the HC gene in the cluster is shown in above the plot, known genes in
each cluster are shown in black. Complete list of genes is given in Table 3.5.
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those, 46 transcripts not only behave similar to known ciliary genes but they are also
affected by the treatment in the expected ratio interval. Hence, these 46 P. dumerilii non-
annotated transcripts constitute reasonable candidates to experimentally validate their
potential ciliary function by testing if their spatiotemporal expression correlateswith that
of the ciliated structures during P. dumerilii development.
Known Ciliary Genes by Localization and Functional Domains
Under the premise that homologous genes have conserved functions, P. dumerilii
genes identified to be conserved/homologous to known ciliary genes fromother species
would then be expected to have similar localization patterns as those described in their
counterpart known ciliary genes. By extension, we suggest that P. dumerilii genes co-
expressing with those of known localization would participate in a similar process and
in some instances even co-localize. Hence, by examining the co-expression clusters of
genes according to functional categories and/or structural ciliary subdivisionswe aimed
at identifying co-localizing ciliogenesis candidates genes related to these categories.
Known ciliary genes compiled in this study were classified based on the localization
and/or functional information provided by twoof the seven sources included in our ciliary
gene compilation: SysCilia [119], andCiliopathy review [132] (Table 3.1). Of the 469 genes
with localization information, 371 are found conserved in P. dumerilii, and 213 are signifi-
cantly upregulated by the Az-treatment indicating their potential role in ciliary assembly.
Furthermore, 176 are affected by the az-treatment within the expected ratio interval that
reflects the increase of ciliated cells in the treated embryos, adding supporting evidence
to their potential involvement in ciliogenesis during P. dumerilii development.
Based on the reported localization and/or functional information, known ciliary genes
were classified into structural components, functional components, and potential cili-
ogenesis precursors. The structural components include terms related with axoneme,
transition zone, basal body, central pair, and ciliary membrane. Whereas the functional
components include terms associated with ciliary motility, signaling, transport, and reg-
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ulation. Lastly, the ciliogenesis precursors include centrosome, distal appendages, and
ciliary vesicle related terms. Table 3.6 shows the number of genes found in P. dumerilii
for each component as well as the number of genes significantly upregulated and within
the expected fold change.
Table 3.6: Classification of known ciliary genes into functional and structural components based
on localization data reported in other species. Table shows the number of genes found con-
served in P. dumerilii, number of significantly upregulated, and number of genes within the ex-
pected ratio interval










l Basal Body 197 180 96 71
Axoneme 146 126 106 69
Transition Zone 42 42 26 19
Central Pair 23 17 16 16









l Transport 56 46 32 27
Regulation 23 18 8 7
Motility 9 8 4 4
Signaling 12 10 5 5
Ciliogenesis precursors 79 67 43 33
We examined the co-expression clusters with known ciliary genes in the structural and
functional components. About 170 clusters contain geneswith known localization. Here,
for each functional domain, we selected three genes frequently assessed in literature to
identify potential new and novel ciliogenesis candidates genes in P. dumerilii likely to be
involved in the function of their co-expressing group.
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Figure 3.6: Ciliogenesis candidate genes classified into structural components Selection of
three co-expression clusters per structural component. Co-expression plots show gene expres-
sion (logCPM) over the first 14 hours of P. dumerilii development. The schematic representa-
tion of the cilium indicates the expected localization of the gene products for each component.
Known genes (shown in black) in each cluster have experimental validation for its ciliary local-
ization/function in other species. For the current selection of genes the number of known genes,
new candidates (annotated) and potential novel (not annotated) ciliogenesis candidates genes
is shown.
Identification of Structural Components
Among the genes known to express in the cilium central pair of microtubules are hy-
din, spag17 and dnah1 ( Figure 3.6A). The hydin gene encodes for axonemal central
pair apparatus protein which is involved in cilia motility and its function is associated
with several ciliopathies related with sperm motility. As mentioned before, hydin co-
expresses with known ciliary gene dydc and four P. dumerilii annotated transcripts (odf3,
ksha, vmp1, and ube2h). Out of these, odf3 (Outer dense fiber of sperm tails 3) is also in-
volved in spermmotility and known to localize on the outside of the central pair in sperm
flagellum. All together this cluster seems to capture a group of genes that are function-
ally related with ciliary motility and co-localizing in the central pair. However, none of the
non-annotated P. dumerilii transcripts are part of this co-expressing group.
Closely associated with genes in the central pair, we identified radial spoke genes,
four of which are high confidence known ciliary genes (rsph9, rsph1, rsph3, and rsph4a).
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The coexpression patterns of three of the radial spoke genes is shown in Figure 3.6B.
Of these, rasph9 co-expresses with three other known ciliary genes (c4orf22, dpcd, and
tmem53) (Table 3.5, cluster 20). Among the annotated P. dumerilii genes coexpressing
with rasph9, are tmem9, tbb4b, lrc34, which also belong to gene families of known cil-
iary genes suggesting that all genes in this co-expressing cluster are indeed functionally
related. Similarly, rsph14 co-expresseswith another knowngene ropn1, reported to be in-
volvedmotility of sperm flagella. This cluster also contains one unknown non-annotated
transcript with a similar expression profile to the two known genes in the group making
it a potential novel ciliogenesis candidate gene in P. dumerilii.
From the known ciliary genes with a reported role in the ciliary membrane (Fig-
ure 3.6C), 24 are found inP. dumerilii and 11 are significantly upregulated in the Az-treated
embryos. Figure 3.6C shows the expression patterns of three (slc47a2, rab8, and tulp1)
of the 11 known ciliary membrane genes. The co-expression clusters of these impli-
cate 5 non-annotated and 9 annotated P. dumerilii transcripts to potentially co-localize
and/or to have a ciliary membrane related function. Note that the expression profiles of
slc47a2, rab8 are highly correlated as their expression values are higher in earlier stages
of development (2 hpf) and gradually decrease as time progresses. This pattern is some-
how opposite (although with a more subtle change) to the one of tulp1’s co-expression
cluster showing lower expression values during the earlier stages and a steady increase
between 4 and 10 hpf Figure 3.6C.
In regard to the axonemal component, 146 known genes are reported to localize in the
axoneme, of these 126 where identified in P. dumerilii and 106 are found upregulated by
the Az-treatment and form 51 co-expressing clusters. Figure 3.6D shows co-expression
profiles of genes evc2, arm4, dnal1 localized in the axoneme, they co-expressed with
twelve annotated upregulated P. dumerilii transcripts and with 3 non-annotated tran-
scripts. These fifteen transcripts are potential ciliogenesis candidates which, based on
their co-expressing partners, would be expected to co-localize in the axoneme.
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A smaller set of 42 known ciliary genes is reported to be functionally related with the
transition zone in the cilium, all of which are found in P. dumerilii and 26 of which are up-
regulated by the Az-treatment Table 3.6). All of the transition zone upregulated genes are
part of 17 co-expression clusters. Figure 3.6E shows the expression plots for three of the
transition zone genes: c5orf42, tmem138 and ephx2. C5orf42, encodes for a ciliogene-
sis precursor, known as the ciliogenesis and planar polarity effector 1, and co-expresses
with c2cd3, a known ciliary gene involved in centriole elongation. Along with these two
transition zone genes there are five non-annotated and seven annotated P. dumerilii tran-
scripts whose annotations have not been directly linked with ciliary function. Similarly,
tmem138 has nine annotated and four non-annotated co-expressing partners, whereas
ephx2 co-expresses only with one annotated gene (Figure 3.6E). This indicates that the
unknown genes in this setmay be related to the transition zone andmay even co-localize
with components, since the c5orf42 and c2cd3 cluster contains multiple transition zone
genes. However, further study is required to validate this prediction.
From the basal body structural component, for instance, we observed the co-
expression pattern of the well characterized known ciliary genes encoding for the cen-
trosomal proteins Cep76, Cep19, and for the centrosome and spindle pole associated
protein 1 (Cspp1). Of this group of known ciliary genes, cep76 regulates centrosomal du-
plication [148] and it is involved in the docking of the basal body to the cell membrane.
Similarly, Cep19, which is also part of the ciliogenesis precursors domain, is involved
in basal body assembly as it organizes and anchors microtubules to the centrosome.
Cep19 is also known to initiate early stages of ciliary assembly by recruiting ciliary vesi-
cles to the distal appendages of the centrioles [149]. Finally, the third known gene in this
set, cspp1, has a role in regulation of cell cycle progression, spindle organization and
basal body formation [132]. Among theP. dumerilii annotated transcripts that co-express
with these basal body genes, are sir3, s17a5, ycf3, faf2, musk, csk, and others. Cep19
is the known gene in this set co-expressing with 5 unknown non-annotated transcripts
that are potentially novel ciliogenesis candidate with functions related to the basal body
(Figure 3.6F).
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Since one of the sources for ciliary function/localization of the known ciliary genes
compiled in this study is the ciliopathy review by Reiter et al. [132], most of the genes
with this information are also genes associated with a ciliopathy. Of the genes in the set
described above (basal body), cep19 and cspp1 have been associated with ciliopathies,
cep19with spermatogenic failure, Bardet-Biedl Syndrome, aswell aswithmorbid obesity
[150], and cspp1 with Joubert Syndrome 21 and Meckel Syndrome, Type 1 [132].
Identification of Functional Components
Among the 371 known ciliary genes with localization/functional information only 12
have functional terms related with signaling. 10 of these known ciliary genes were found
conserved in P. dumerilii and five are upregulated in the treated embryos. Figure 3.7A
shows the co-expression patterns of three of these genes. All of the genes selected in
this functional component belong to the kinesin family (kif9, kif27, and kif17). In general,
we identified 39 kinesin genes in P. dumerilii of which 19 are upregulated and within the
expected fold change of expression. However, no genes annotated as kinesin appear
to co-express with any of the three selected kif genes with known signaling function.
Among the co-expression partners of kif9, kif27, and kif17 are 18 annotated and 12 non-
annotated P. dumerilii transcripts.
Only nine of the known ciliary genes are functionally annotated with motility related
terms (Table 3.6). Upregulated genes in this functional component include drc3, gas8,
stk36 and dpcd, which are present in four co-expression clusters, three of which are
shown in Figure 3.7B. Among these, there is drc3 (also called lrrc48), a gene encoding
for a dynein regulatory complex and a key regulator of ciliary motility by maintaining
the alignment of the distal axonemes and regulating microtuble sliding [151]. P. dumer-
ilii drc3 co-expresses with two known ciliary genes of the coiled-coil domain-containing
gene family, ccdc19 (also known as cfap45) and ccdc166, and with two unknown anno-
tated P. dumerilii transcripts known as hecd1 and chic2. A different co-expression cluster
contains gas8, a gene that also encodes for a dynein regulatory complex (drc4). Gas8 co-
expresses with another ccdc gene and with one non-annotated transcript. Finally, of this
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Figure 3.7: Ciliogenesis candidate genes classified into functional components A selection of
three co-expression clusters per functional component. Co-expression plots show gene expres-
sion (logCPM) over the first 14 hours of P. dumerilii development. The schematic representation
of the cilium indicates the expected localization of the gene products for signaling and transport
components. Most of the genes in motility and regulation components are not localized in a par-
ticular region of the cilium as their expression affect all the cilium. Known genes (shown in black)
in each cluster have experimental validation for its ciliary localization/function in other species.
For the current selection of genes the number of known genes, new candidates (annotated) and
potential novel (not annotated) ciliogenesis candidates genes is shown.
set of known genes involved in ciliary motility, stk36, a kinase gene also known to be in-
volved in the Hedgehog pathway, is part of the largest co-expression cluster with seven
unknown (no reported ciliary function) genes, five annotated and two non-annotated
transcripts.
Among the functional components, the transport domain contains the most known
genes (56 in total, Table 3.6). Of the 56 known ciliary genes involved in transport, we
identified 46 homologous genes in P. dumerilii. In addition, among the transport known
ciliary we further identified intraflagellar transport (ift) and lipidated protein intraflagellar
targeting (LIFT) trafficking machinery. Figure 3.7D shows the co-expression pattern for
three representative IFT genes (ift40, ift20, and ift88 ) also shown in clusters 10, 11, and
17 of the HC known ciliary genes (Table 3.5, see Discussion). Figure 3.7D additionally
depicts three genes involved in trafficking machinery (pde6d, arl3, and arl3b). The ped6d
gene encodes for a protein known to modulate cilia localization of target proteins and in
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P. dumerilii, it co-expresses known ciliary gene kif3awhich encodes for a kinesin involved
in microtubule anterograde transport and centriole cohesion to distal appendage during
initiation of ciliogenesis. These two known ciliary genes co-express with the annotated
genes trpm2, y1869, cacl1, dhb12, bsdc1, pkh4, smbt, and pmgt1, and one P. dumerilii
non-annotated transcript.
The other two clusters of the trafficking machinery involve two members of the ADP-
Ribosylation factor like GTPase family, arl3 and arl3b, both with known function in cil-
iary maintenance and cargo trafficking to the periciliary membrane. In addition, both arl
genes are associatedwith ciliopathies [152]. Arl3 coexpresswith the known ciliary genes
mdh1b and four annotated transcripts not previously related with ciliary function. Arl13b
is contained in a smaller cluster only co-expressing with one annotated gene (cpt1). De-
spite the fact that both arl genes are involved in similar functions, their expression pro-
files over early P. dumerilii development are noticeably different. Arl3 exhibits a constant
increase of expression whereas arl13b is highly expressed expression thought all mea-
sured timepoints (Figure 3.7D).
The regulation domain contains 23 known ciliary genes, 18 of which are found con-
served in P. dumerilii and 8 are upregulated in the Az-treated embryos. Three of these
encode for the transcription factors: FoxJ1, Rfx2, and Mxi1. With our current cluster-
ing parameters, P. dumerilii homologue to rfx1/2/3 does not co-express with any other
upregulated gene. Besides transcription factors, other known ciliary genes with regu-
latory function include syne2 and cetn2, which are known targets of Rfx2 and FoxJ1
respectively, and both are known to be involved in maintaining cytoskeleton organiza-
tion. Figure 3.7C shows the co-expression patterns of four of the known ciliary genes
with regulatory function (foxj1, syne2, cetn2, mxi1) and two ciliary genes known to be
targets of FoxJ1 and Rfx2.
Among all known ciliary genes compiled in this study, 817 genes are reported as tar-
gets of both Rfx2 and FoxJ1 and of those 715 are found conserved inPlatynereis dumerilii
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whereas 392 are upregulated in the Az-treatment. Based on high throughput studies in
X. laevis [121, 133] a similar number of genes (713) is reported as targets of Rfx2 only, of
those 599 are found in P. dumerilii and a smaller than expected subset of 152 is upregu-
lated in the treated embryos. Similarly, most of the genes reported as targets of FoxJ1
based on studies in D. rerio and X. laevis [110, 133] were found in P. dumerilii and 82 are
significantly upregulated by the treatment (Table 3.3). Figure 3.7C shows three selected
targets of Rfx and FoxJ1.
The transcription factor Mxi1, known to inhibit Myc transcriptional activity, is one of
the Rfx2 targets [121] shown in Figure 3.7C. In P. dumerilii mxi1 is co-expressing with 8
annotated and 4 non-annotated transcripts, suggesting their potential involvement in a
similar function. Other Rfx targets are syne2, a known ciliary genes with reported reg-
ulatory function, and usp25. The latter co-expresses with seven annotated transcripts
and 2 non-annotated, whereas syne2 only has 2 co-expression patterns, both among the
annotated genes.
Of the FoxJ1 targets, cetn2 encodes for a microtubule binding protein with a role
in microtubule-organizing center. It co-expresses with another known ciliary gene,
c20orf85, and with one annotated and one non-annotated P. dumerilii transcript. In a
larger cluster, a FoxJ1 target, tekt2 co-expresses with three known ciliary genes (Ta-
ble 3.5, cluster 25). Finally, homologous foxj1 in P. dumerilii co-expresses with three
annotated genes not previously associated with ciliary function and one non-annotated
transcript.
Ciliogenesis Precursors
Based on the functional information of the known ciliary genes in other species, we
identified genes involved in three stages of early ciliogenesis: 1) centriole maturation
into a basal body, 2) association of centriole distal appendage with ciliary vesicles, and
3) formation of centriolar satellites (see Figure 3.8). A total of 79 known ciliary genes
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have been functionally related with these stages of ciliogenesis which together form the
ciliogenesis precursors functional domain.
Figure 3.8: Potential Ciliogenesis precursors identified by co-expression. Schematic represen-
tation of three early ciliogenesis events along with the co-expression plots of genes with known
functions in each ciliogenesis stages. Gene expression (logCPM) over the first 14 hours of P.
dumerilii development. Known genes (shown in black) in each cluster have experimental val-
idation for its ciliary localization/function in other species. For the current selection of genes
the number of known genes, new candidates (annotated) and potential novel (not annotated)
ciliogenesis candidates genes is shown.
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Of the genes involved in centriole maturation to form the basal body, Figure 3.8A
shows the co-expression profile of three known ciliary genes cep152, cep63 and ttll5.
Cep63 is known to initiate centrosome duplication by recruiting cep152. The expression
profile of cep152 shows a significant increase of expression level between 4 and 8 hpf
that peaks at the 8 hpf time point. In contrast, cep63 appeared to be constantly highly
expressed during the first 14 hours of P. dumerilii development. Showing similar levels of
expression to cep63 is the expression pattern of ttl5 which encodes for tubulin tyrosine
ligase like 5 protein. The co-expression patterns of these three genes allow to potentially
implicate 6 annotated and 3 non-annotated P. dumerilii transcripts as novel ciliogenesis
candidate genes (see Discussion).
In regard to ciliogenesis precursors related to the centriole distal appendage docking,
five genes, cep164, cep89, cep83, fbf1, and sclt1 are known to have an essential role in
this stage of ciliogenesis [153, 154, 155]. We identified homologous genes in P. dumerilii
to all of these five genes. Figure 3.8B shows the co-expression profiles of cep164, cep89
and fbf1. All together, cep164 and cep89 co-express with five annotated and two non-
annotated transcripts. In addition, cep89 co-expresses with another known gene, stk38,
which encodes for a serine/threonine kinase involved in the Hedgehog signaling path-
way. On the contrary, fbf1 was not found to co-express with any other gene, despite its
expression profile exhibiting a clear on set of expression between 6 and 10 hpf, similar to
what is observed in cep89 and cep164 (see Figure 3.8B for details). Lastly, of the known
ciliary genes involved in the formation of centriolar satellites, structures that act as an
intermediate compartment for ciliogenic proteins, are ofd1, c2cd3, cep290, and cep76.
The co-expression profile of ofd1, cep290 and cep76 is shown in Figure 3.8C. Ofd1, has
a rather constant expression level with little variability and it co-expresses with five an-
notated and one non-annoated P. dumerilii transcripts. In contrast, cep290 and cep76
have lower levels of expression earlier in development with increasing values as devel-
opment progresses. Cep290 exhibits a larger change between 6 and 10 hpf compared to
that of cep76. Cep290 co-expresses with known ciliary gene map7, a gene that encodes
for a microtubule organization protein. Along with these known genes there is one non-
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annotated and two annotated P. dumerilii transcripts. In the co-expression cluster with
cep76, 5 annotated and two non-annotated transcripts were identified as potential cilio-
genesis candidate genes. Finally, c2cd3 is also reported to localize in the axoneme, and
its co-expression in P. dumerilii is described under the axonemal structural component
(Figure 3.6E).
Discussion
In this study, we present the first comprehensive survey of ciliary genes in P. dumer-
ilii. To this end, we developed a rigorous, computational, multi-stage strategy for the
identification of genes involved in ciliogenesis of P. dumerilii. Our approach not only
includes the identification of homologous genes to known ciliary genes described in
other species but further expands the set of known ciliary genes by utilizing a guilt-by-
association approach based on gene family name, and by integrating expression data
from treated embryos resulting in hyperciliated P. dumerilii larva. In addition we inte-
grated a co-expression analysis based on expression data from the first fourteen hours
of normal P. dumerilii development.
Despite the fact that most of the source studies included in this compilation of known
ciliary genes report genes in vertebratemodel organisms such asmouse, frog, zebrafish,
and human, we successfully identified the majority of these genes in the annelid P.
dumerilii. Only 172 genes out of the 2359 known ciliary genes were found to have no
homolog among the early development P. dumerilii transcripts we obtained from Pdum-
Base [143]. For instance, based on sequence similarity alone, of the 302 of the ’Ciliary
gold standard’ provided by the SysCilia consortium [119], only six genes were not found
in P. dumerilii (c2orf71, cldn2, hnf1b, mal, sstr3, and tubgcp5), two of which are asso-
ciated with ciliopathies. Further genomic and phylogenetic analysis will be required to
identify whether these, as well as all the 172 known genes not yet found in P. dumerilii,
have homologous or if they are actually not present in P. dumerilii.
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In addition, as expected, we identified themajority of the ciliary genes reported by Nev-
ers et al. [156] as conserved across all metazoans in P. dumerilii. For instance, Nevers
identified six transition zone genes (cc2dc2a, tmem67, ahi1, b9d1, b9d2, tmem231) to be
conserved in all ciliated organisms. Of those, all but one (cc2dc2a) are found conserved
in P. dumerilii, three of which are upregulated in the treated embryos.
Interestingly, among all homologous known ciliary genes identified in P. dumerilii, less
than half (611) were found to be significantly upregulated in the Az-treatment conducive
to form hyperciliated larva. Hence, we focussed our downstream analysis on those sig-
nificantly upregulated genes allowing us to to identify about 160 potential new and novel
cilogenesis candidate genes by integrating information such as gene family name, and
expression profiles into our pipeline.
It should be noted that among the downregulated genes, and the genes showing no
significant change of expression in the Az-treated embryos, there are genes known to be
involved in ciliogenesis in other species. However, our analysis suggests their expres-
sion not to be affected by the Az-treatment (Figure 3.1D) in P. dumerilii. It is possible for
these genes to still be involved in ciliogenesis in P. dumerilii but regulated by a mecha-
nism different the one triggered by the activation of the β/catenin pathway. Under this
scenario, such set of genes could have a delayed onset of expression and hence their
expression was not observed at the time we took the sample to assess relative mRNA
abundances. Alternatively, these could be ciliary genes with additional functions, and
therefore under diverse regulatory control.
Included in the known ciliary genes that are downregulated in the treated embryos are
53 genes associated with ciliopathies, some of which are well characterized ciliogenesis
precursors. One example is the P. dumerilii homologue to the known ciliary gene ccno
which encodes for centriole duplication cyclin O. Ccno is one of the genes involved in
the initial stages of ciliogenesis in multiciliated cells (MCC) and its dysfunction has been
linked to ciliopathies related with reduced number of cilia in MCC [157]. Given its known
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function, ccno was expected to be upregulated in the hyperciliated larva. Similarly, sclt1
also known to be required to initiate ciliogenesis [154, 155], yet is found to be downreg-
ulated by the treatment in P. dumerilii.
The above results hint towards the onset of expression of these genes to occur at
a prior or later stage in development and is hence not captured in the 12 hpf mRNA
sample for differential expression in our experimental setup. However, since these genes
are known to be involved in the earlier stages of ciliogenesis, and because P. dumerilii
larva starts to develop the protrochophore (ciliated ring Figure 3.1A ) at around 12 hpf,
we are inclined to suggest that such genes, if involved in ciliogenesis, could be then
highly expressed at an earlier time point in development, potentially maternally and/or
ubiquitously expressed. Alternatively, a different set of molecular components could be
involved in the initiation of ciliogenesis in MCC in P. dumerilii which are not described in
other organisms. Further study is required to elucidate whether or not cnno and sclt1
(among the other downregulated) are involved in ciliary assembly in P. dumerilii.
Identification of Ciliogenesis Precursors and Transcriptional Regulators
Multiciliated cell (MCC) differentiation involves a massive production of basal bodies.
This process iswell characterized in different vertebrates (chicken, Xenopus, andmouse)
and it is known to involve two pathways: centriole duplication and centriole independent
de novo basal body formation, also called ”deuterosome pathway” [158, 159]. Centri-
ole duplication pathway produces two to six basal bodies and it is initiated by cep63, a
protein required for centriole duplication that recruits cep152, a key regulator for basal
body assembly [158]. The homologous genes to cep63 and cep152 in P. dumerilii (Fig-
ure 3.8A) are significantly upregulated by the Az-treatment. Cep63 co-expresses with
vash1, which regulates microtubule dynamics [160], and withmed9, are involved in tran-
scriptional regulation encoding for a protein sub-unit of the mediator complex that is
co-activator of polymerase II. Cep152, co-expresses with two genes (limk2 and wasp1)
known to be involved in in regulation of the actin cytoskeleton.
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On the other hand, the ”deuterosome pathway” produces tens of basal bodies and is
initiated by ccdc67 (also called deup1), paralog of cep63. In addition to ccdc67, ccdc78
is also involved in the initiation of this pathway in Xenopus [161]. We identified homol-
ogous genes to ccdc67 and ccdc78 in P. dumerilli. However, in contradiction with the
expected upregulation of basal body biogenesis regulators involved in MCC differentia-
tion, P. dumerilii ccdc67 is found downregulated and ccdc78 has no significant change
of expression in the Az-treated embryos. This results suggests that de novo basal for-
mation in P. dumerilii could be initiated by different molecular components.
The above results are in agreement with basal body biogenesis in other protostomes.
Studies in planaria S. mediterranea indicate that basal body assembly depends on the
same components for centriole duplication as those described in vertebrates, yet the
initial steps for the ”deuterosome pathway” are likely to be different as depletion of
ccdc67 (deup1) in S. mediterranea has shown to have no effect in MCC differentiation
[162, 163].
Alternatively, finding this well-characterized ciliogenesis precursors genes (ccdc67
and ccdc78) not upregulated in the hyperciliated embryos, could indicate that these
genes might be maternally provided or highly expressed at an earlier stage of develop-
ment (prior our Az-treatment) and could have additional general functions in earlier cell
divisions and therefore be regulated differently. Under such scenario, these genes could
still be involved in basal body duplication without being upregulated in the hyperciliated
larvae.
In regard to the transcriptional regulation of ciliogenesis, studies in vertebrates sug-
gest that MCC differentiation is initiated by the inhibition of the Notch pathway, which in
turn triggers the activation of a regulatory cascade that includes two geminin-related
genes, gemc1 and mcidas (also called multicilin), and the transcription factors E2f4,
Rfx2, FoxJ1, and Myb. Prior to the beginning of ciliary assembly, differentiating into a
MCC requires the committed cell to exit cell cycle, form numerous basal bodies, and to
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remodel its cytoskeleton [158, 159]. Expression of Gemc1 and mcidas is known to be
enough to trigger the initiation of such events, hence initiating the MCC differentiation
[158].
We identified P. dumerilii homologous genes to geminin,mcidas, e2f4, rfx1/2/3 (one P.
dumerilii transcript is homologous to three rfx genes), foxj1 andmyb. Of those, geminin,
e2f4, and myb are not significantly upregulated, while mcidas, rfx, and foxj1 are upreg-
ulated by the β-catenin activation treatment. In addition, under our current clustering
parameters for the early development co-expression analysis, we found no genes to co-
express with mcidas and rfx. Of the three genes, the expression levels of rfx, in com-
parison to that of the other two genes, are constantly high during the first 14 hours of
development. In contrast, both foxj1 andmcidas show a gradual and constant increase
of expression as development progresses. Identifying these components in P. dumerilii
is the first step towards the characterization of the regulatory mechanism driving cilio-
genesis in Platynereis. However, functional assays are required to elucidate the interplay
of these six (including geminin, e2f4 and myb) molecular components in the regulatory
landscape of MCC differentiation during P. dumerilii development.
Potential Novel Ciliogenesis Candidates Genes Based on Co-expression Analysis
The co-expression analysis enables the possibility to identify ciliogenesis candidate
in an annotation independent manner and allowing to extend the search space for cili-
ogenesis candidate genes by an additional 2137 non-annotated upregulated transcripts
found inP. dumerilii. These genes represent almost half of the total upregulated genes by
the Az-treatment. For this set of non-annotated transcripts however, very limited infor-
mation about their potential involvement in ciliogenesis exists. A comparison based on
sequence similarity revealed that these transcripts appear not to be homologous to any
of the 2359 known ciliary genes compiled in this study. By including the expression data
however, we are able to identify not only potentially novel ciliogenesis candidate genes
but also potential targets of the activation of the wnt/β-catenin pathway through com-
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parison of their expression in the Az-treated embryos compared to that in non-treated
embryos.
The clusters of genes co-expressing with the high confidence (HC) ciliogenesis can-
didate genes allowed us to identify 70 unknown non-annotated transcripts as potential
novel candidate ciliary genes inP. dumerilii. Of these 70 transcripts, 46 exhibit a change of
expression in the treated embryos that is within the expected ratio interval based on the
cell fate transformation and therefore, these 46 non-annotated transcripts with similar
patterns of expression to the HC ciliogenesis candidate genes are considered potential
wnt/β-catenin targets.
Based on their co-expression profile, 6 of the 46 potential novel ciliogenesis candidates
genes are predicted to have similar function to the WD repeat domain which contains
gene wdr78, known to contribute to the ATP-dependant microtubule motor activity by
binding to dyneins [164]. Other known ciliary genes co-expressing with wdr78 are iqdc
and lrriq3. Interestingly, iqcd gene encodes for an IQ domain-containing protein that
forms a dynein regulatory complex 10 (DRC10) [165], further indicating that genes in this
cluster might have a role related with the ciliary motor activity. This cluster (cluster 38,
Table 3.5) represents the largest of the HC ciliogenesis candidate genes co-expression
clusters and not only implicates the above mentioned 6 P. dumerilii non-annotated tran-
scripts as potential novel ciliary candidate genes, but also includes 17 annotated tran-
scripts, whose annotations have not yet been associated with ciliary function in other
organisms. Our results, however suggest 15 of these annotated transcripts as poten-
tially involved in ciliogenesis, as they are significantly upregulated by the az-treatment,
their change of expression in the treated P. dumerilii embryos falls within the expected
ratio interval, and their expression pattern during normal development correlates to that
of three known ciliary genes involved in microtubule motor activity.
Similarly, cluster 1 contains 5 of the 46 potential novel ciliogenesis candidate genes,
these candidates co-expressed with four known genes (dnai1, ak7, ift72, lrrc61) and 8
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annotated genes, two of which (clax and kac1a) are affected by the treatment within
the expected fold change. To elaborate on the potential ciliary activity of the unknown
genes in this cluster, we examined the function of the known ciliary genes they are co-
expressing with. Among those, there are three high confidence ciliary genes: a dynein
axonemal intermediate light chain (dnai1), an intraflagellar transport gene (ift172), and a
gene encoding for a metabolic enzyme, adenylate kinase 7, which has been reported to
be involved in maintaining ciliary structure and function, and it is known to be expressed
along the full length of the sperm flagellum co-localizing with alpha-tubulin [166]. In ad-
dition to these three HC ciliary genes, lrrc6, a known gene for a leucine-rich repeat and
IQ domain containing protein is also present in this cluster. This protein is known to be
involved in axonemal assembly and has been linked with ciliopathies associated with
respiratory infections andmale infertility [167]. Interestingly, mutations in ak7 gene have
also been linked with male infertility [166]. Therefore, clax and kac1a, genes that have
not been linked with ciliary function in other species, constitute potential new ciliogen-
esis candidate genes in P. dumerilii. We further hypothesize that the 8 non-annotated
P. dumerilii transcripts found in this cluster are potential novel ciliogenesis genes that
might be involved inmaintaining ciliary stucture and, or axoneme assembly related func-
tions.
Three of the identified potential novel ciliogenesis candidates genes in P. dumerilii are
possibly related with the coiled-coiled-domain containing gene family. The first of such
potential novel genes (cluster 21, Table 3.5), co-expresses with the HC known ciliary
gene ccdc164 and with three known ciliary genes cfap61, ak8, tekt4. Of these, ak8 and
tekt4were identified here as ciliogenesis candidate genes through theGbAby gene name
approach (Table 3.4). Both, ccdc164 and tekt4 encode for coiled-coiled-domain contain-
ing proteins. Ccdc164 is known to be a key regulator of ciliary motility as it is part of the
nexin-dynein regulatory complex (N-DRC)whichmaintains the alignment of the distal ax-
oneme and regulates the microtubule sliding to allow movement [151]. Similarly, genes
of the tektin family encode for proteins that formfilaments known to associatewith tubu-
lin in the axonemal and centriolar microtubles. In the axoneme, the tektin filaments are
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involved in the organization of the dyneins and radial spokes. In addition, reduced expres-
sion of tektins has been linked with shortening of cilia and flagella [168, 169]. Not only
the non-annotated unknown P. dumerilii transcript (comp216883_c0) co-expresses with
the abovementioned coiled-coiled-domain containing genes, but alsowith the known cil-
iary gene cfap61, which encodes for cilia and flagella associated protein 61 [170], adding
supporting evidence to its potential involvement in ciliary function.
In a very similar co-expressing group of genes (Figure 3.5, cluster 25) also involving
two coiled-coiled-domain containing genes, we identified additional two potential novel
ciliary candidates genes. In this co-expressing set there is tekt2, from the HC known
ciliary gene set, and ccdc81, which was found by guilt-by-association by gene name (Ta-
ble 3.4), and encodes for a centrosome associated protein [171]. Other known ciliary
genes in this cluster include spag6, encoding for a protein that associates with micro-
tubules in the sperm flagellum (sperm associated antigen 6) [172], and znf346 which is
included in the set of known ciliary genes as it is reported by Chung et al. [121] to be
a target of Rfx2 in Xenopus laevis. In addition, this cluster also implicates the poten-
tial ciliary function of four annotated P. dumerilii transcripts (reep5, yb145, nac1, apc1),
whose annotations have not been previously related with ciliary function. Of those four
unknown annotated genes, three (reep5, yb145, apc1) exhibit the expected fold change
of expression between Az-treated and control samples. Therefore we considered these
genes as potential newciliogenesis candidates genes. Alongwith the twopotential novel
ciliogenesis candidate non-annotated P. dumerilii transcripts.
In the set of 48 HC ciliogenesis candidates genes, there are 10 intraflagellar transport
genes (see Table 3.4). Both with 10 genes in the set, intraflagellar transport represents
the largest gene family in the HC genes along with the dyneins. To our surprise, none of
the ift genes in the HC set appear to have similar patterns of expression among them-
selves as they all belong to different co-expression clusters (clusters 1, 9 to 17 Table 3.5,
Figure 3.5). However, co-expressing with ift genes are five non-annotated unknown tran-
scripts, that could potentially be involved in ciliary function. Three of these P. dumerilii
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non-annotated transcripts co-express independently with an ift gene (clusters 13, 15,
and 17), and two jointly co-expressing with the P. dumerilii homologous to ift27, in clus-
ter 12. Together in this group, there is one more known ciliary gene: dyx1c1, which is
part of the inclusive core of the known ciliary genes as it is reported by SysCilia [119],
and by the ciliopathy review by Reiter et al. [132] as a gene confirmed to be involved
in a ciliopathic phenotype. In addition, dyx1c1 is included in our compilation of known
ciliary genes as target of Rfx and FoxJ1 [133, 111]. Dyx1c1 (also known as dnaaf4) is
known to be required for the assembly of axonemal dynein arms and mutations in this
gene lead to defects in cilium motility [173] while it has been linked to primary ciliary
diskinesia and other ciliopathies in humans [174]. P. dumerilii dyxc1 co-expresses with
ift27, two non-annotated transcripts, and two annotated transcripts (plsl and pif1) whose
annotation has not been related with ciliary function in other species. Pls1, part of the
plastin gene family (also known as fimbrin) encodes for an actin-binding protein involved
in regulation of the actin cytoskeleton, and in the formation of actin bundles in microvilli
and stereocilia [175], however it is not known to be involved in ciliary functions. Similarly,
pif1 encodes for a metabolic enzyme that functions as a DNA helicase. Therefore, the
supporting evidence to potentially implicate the unknown non-annotated genes in this
cluster is inconclusive. On one hand the two non-annotated transcripts were found to
co-express with one high confidence known ciliary gene, itf27, and with dyxc1, an also
well supported known ciliary gene part of the inclusive core. On the other hand however,
in this cluster two annotated transcripts are also co-expressing which are affected by
the Az- treatment within the expected fold change (plsl: r = 1.71, and pif1 r = 1.93),
but with annotations not known to be associated with ciliary function. Such scenario
requires further study as the non-annotated transcripts could be functionally similar to
either set of genes in this cluster.
In contrast, the co-expressing partners of the other ift genes in clusters 13, 15, and 17
could potentially implicate novel ciliary candidates. For instance, cluster 17 shows ift88
with one other known ciliary genes, spata17, an spermatogenesis associated gene [165],
and one non-annotated P. dumerilii transcript (comp224588_c3 Table 3.5). The fact this
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unknown gene has a very similar expression profile to that of two known genes (Fig-
ure 3.5 cluster 17) provides evidence towards its potential involvement in ciliary function
during P. dumerilii development. In addition, this gene is upregulated by the Az-treatment
in a fold-change that relateswith the phenotypic change triggered by the treatment, mak-
ing it a potential novel ciliogenesis candidate gene.
Similar to ift88, the expression profile of ft80 allows to implicate another potential
novel ciliary gene. In this case the P. dumerilii homologous to ift80 co-expresses with
an unknown non-annotated transcript and both show highly similar expression profiles
(Figure 3.5, cluster 15) while being the only two genes in this cluster. Cases like this,
in which a cluster consists of one homolog to a well-characterized known ciliary gene,
and the other corresponds to an unknown non-annotated transcript, represent an un-
precedented opportunity to explore the potential nature of the unknown non-annotated
transcript in the set. In this particular example, the unknown gene in the cluster could
be an splice variant of its co-expressing partner (ift80) or a potential ift paralogous gene
in P. dumerilii. The answer to this is out of the scope of our study, however the ability
to identify such potential candidates among all the non-annotated (∼ 9000) P. dumerilii
transcripts enables the possibility to improve the current transcriptome annotation while
identifying potential ciliogenesis candidate genes.
Interestingly, the 38 HC clusters include 15 genes that were identified as ciliogene-
sis candidate genes throughout the guilt by association approach by gene family name
(shown in gray in Table 3.4). For these fifteen genes, we therefore have two independent
approaches implicating them with ciliary function in P. dumerilii. First, the co-expression
analysis for these genes adds certainty to consider them ciliogenesis candidates genes.
Second, finding co-expression among genes that were already identified as potential
candidates provides strong indication about the potential ciliary function of the unknown
genes classified into their clusters.
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One of such cases occurs in cluster 5 (Table 3.5, Figure 3.5) which consists of five
known genes, four of which are dynein genes (see Results). The 10 unknown genes in
this cluster are considered potential ciliogenesis candidates, and among those, six are
potentially regulated by the activation of the wnt/β-catenin pathway, as their fold change
of expression in the treated embryo falls within the expected ratio interval that reflects
the increase of ciliated cells due to the cell fate transformation.
Similarly, co-expression clusters with more than one HC gene also provide insight into
potential new ciliogenesis candidates and potentially novel ciliary genes. For instance,
among the HC clusters, cluster 7 (Figure 3.5, Table 3.5), has two HC genes of the same
gene family, encoding the ciliary motor dynein proteins Dnah2 and Dnah10, which are
grouped together with another known ciliary gene (fgd3) and one annotated unknown
gene (pkhl1). The fact that this cluster has three known ciliary genes, two of which are
HC genes belonging to the dynein axonemal heavy chain gene family, and the third be-
ing a known ciliary gene whose function is related with the control of actin cytoskeletal
dynamics [176], allows us to implicate the unknown gene pkhl1 (homologous to mam-
malian polycystic kidney and hepatic disease-like1, also known as pkhd1l1) as a new
ciliogenesis candidate gene in P. dumerilii. In addition, the sub-cellular localization re-
ported for pkhl1 in mouse, includes the cilium [177] even though pkhl1 is not referenced
as a ciliary gene in any of the sources used for our known ciliary gene compilation Ta-
ble 3.1.
Conclusion
We present here the first comprehensive survey of ciliogenesis candidate genes and
potential novel ciliary genes in Platynereis dumerilii. In addition, based on functional
descriptions of their homologous counterparts in other species, a probable function and
or localization is proposed for some of the candidate genes.
Despite the absence of a P. dumerilii reference genome, our approach allows to iden-
tify potential new and novel ciliogenesis candidate genes, among all the significantly up-
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regulated P. dumerilii transcripts with and without annotation. The importance of such
identification relies on the inclusion of poorly characterized transcripts that have shown
to not be homologous (by sequence) to any other annotated gene in other species. How-
ever, with our current approach we are able to suggest the potential ciliary activity of 70
of such non-annotated P. dumerilii transcripts. Of those, 46 are potential targets of the
β-catenin pathway activated by the treatment.
In addition, our approach identified 125 potential new ciliogenesis candidate genes
in P. dumerilii among annotated transcripts, whose annotation have not been previously
related with ciliary function. This not only improves the current status of the early P.
dumerilii transcriptome annotations, but also contributes to the elucidation of ciliogene-
sis by expanding the set of known ciliary genes.
Further studies would be required to functionally validate new and novel ciliogenesis
candidates compiled here. Nevertheless, this represents the first compilation of ciliogen-
esis candidate genes of this kind in a protostome organism. Therefore this compendium
of candidate genes represent a valuable resource for future comparative studies of cil-
iary function and diversity in invertebrates.
Methods
Compilation of a Comprehensive Set of Known Ciliary Genes
A comprehensive list of known ciliary genes was obtained by combining information
from seven different ciliary studies including two ciliary databases: SysCilia [119] and
Cildb [130]. The remaining studies consisted of a survey of conserved ciliary genes
across different taxa by Sigg and collaborators [131], a Ciliopathy review by Reiter, J.F,
and Leroux, M.R in which confirmed and candidate ciliopathy genes are reported[132];
In addition, three independent studies identifying ciliary genes targets of FoxJ1 and/or
RFX3 transcription factors [133, 110, 178] were used. To consolidate duplicate entries,
we mapped all gene identifiers to Ensembl Gene Stable ID from the human genome
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annotations (version GRCh38.p12) [179]. This gene id was consequently used as the
unique identifier to aggregate multiple instances of the same gene into one represen-
tative record in the set. However, we kept track of each source from where each gene
was added to the known ciliary gene set, to enable the identification of genes listed by
multiple sources. For only a small number of genes (<5), the gene id was not found in
the human annotations, in which case the Ensembl mouse gene stable IDs was used as
a surrogate.
Identification of Known Ciliary Genes Conserved in P. dumerilii
Once the set of known ciliary genes has been established, we obtained protein se-
quences from the Ensembl database [180] for each gene in the set. Next, we used BlastP
[134] (see Additional Figure 1 for the general method outline) to align protein sequences
of known ciliary genes to P. dumerilii predicted protein sequences of all transcripts ob-
tained from PdumBase [143] (a detailed description of the methods for P. dumerilii pro-
tein prediction can be found in Chou et al. 2016 [181]). We retained all BlastP align-
ments with e-values smaller than or equal to 0.001. Under this criteria, some transcripts
had significant alignments to multiple genes. Since such multiple matches typically re-
quire case by case revision, all significant matches were kept as potential annotations
for that particular transcript, and a weighted score was assigned to each match. This
score was calculated as the Blast bit score for gene x aligned to transcript i over the
sum of the bit scores for all significant alignments for transcript i. A weighted score of
1 represents a unique match whereas a score < 1 indicates multiple matches present
with higher score representing better alignments. The weighted score therefore allows
for categorizing the quality of each alignment when multiple annotations are present.
Classifying Known Ciliary Genes by Localization and Functional Domains
The sources of known ciliary genes constitute a mixture between curated datasets
and high-throughput (HT) studies. As curated datasets have lower false discovery rate
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(FDR) compared to HT studies, we leverage this information to find a subset of high con-
fidence ciliary genes among all the genes in the known set. For this, we calculated the
overlap of genes among the seven sources and defined two sub-sets of known genes:
strict core genes and inclusive core genes. The strict core corresponds to the inter-
section of genes reported in all four curated datasets ( SysCilia, Cildb, shared ciliary
Proteome by Sigg et al. [131], and the ciliopathy survey by Reiter et al. [132]). Less re-
strictive, the inclusive core contains genes present in two of the four sources of the strict
core.
In addition to the source, the metadata in the known ciliary set includes the follow-
ing information when available: localization and/or function, ciliopathy involvement, and
transcriptional input. We extracted all terms used to describe localization and functional
information from the original source for each gene. Similar termswere then grouped into
10 modules as follows: regulation, motility, signaling, transport, axonemal, basal body,
central pair, centrosome, ciliary membrane, and transition zone. These modules make
up two ciliary components: structural and functional.
Platynereis dumerilii Culture, Azakenpaullone Inhibitor Treatment, and Sequencing
P. dumerilii embryoswere collected from the breading culturemaintained at IowaState
University according to the protocols described by Zantle et al. [126]. Fertilized eggs and
embryos were kept at 18◦C to maintain consistent rates of development.
Embryoswere treatedwith Azakenpaullone following a paired experimental setupwith
three replicas as follows: embryos from three mating events were separately split into
two groups of ∼1200 embryos. One group was treated with 5uM Azakenpaullone (Az)
in 0.1% DMSO from ∼ 3:45 hpf to 4:30 hpf (8-cell to the 16 cell-stage) according to pro-
tocols in Schneider and Bowerman, 2007 [136]. The second group (control) was treated
with DMSO at the same time interval. A portion of ∼500 embryos from treated and
control groups were collected at 12 hpf and homogenized in Trizol for subsequent RNA
extraction and sequencing, or fixed at 12 hpf or 24 hpf for in situ hybridization. For each
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group in each batch ∼100-200 embryos were kept for morphological screening at 24
and 48 hpf (Figure 3.1E).
Extracted RNA was treated with RNase-free DNase set (QIAGEN), purified with the
RNeasy Mini Kit (QIAGEN), and checked for RNA degradation on a 1% agarose gel. Ad-
ditional total RNA quality was checked using the Bioanalyzer system (Agilent). Prepara-
tion of each barcoded Illumina mRNA-seq library, and Illumina deep sequencing with 75
bp–100 bp paired-end reads (4 samples per lane) were performed by the Genome Se-
quencing and Analysis Core Resource at Duke Institute for Genome Sciences and Policy
using an Illumina HiSeq sequencing system.
Read Processing and Differential Expression Analysis
Raw readswere processedwithTrimmomatic [182] to remove adapter sequences and
lowquality reads. Quality of pre-processed readswas analyzed and visualizedwith FastX
toolkit [183]. Bowtie was used to align the reads from each sample to the P. dumerilii
transcriptome previously assembled in our group [181]. We then used SAMTools [184]
to estimate the number of reads mapped to each transcript, and EdgeR [185] was used
for the subsequent analysis of differential expression.
Read counts were normalized based on the library size of each sample. Low ex-
pressed genes were filtered by keeping genes that are expressed in 2 or more sam-
ples. To decide whether or not a given gene is being expressed at a particular sample,
a threshold of 1 fragments per kilobase of transcript per million mapped reads (FPKM)
was established. This inclusive threshold is below the lowest observable expression
value through in-situ hybridization in Platyneries embryos using our current laboratory
protocols. According to this threshold, any gene with an FPKM greater than 1 would be
considered expressed. Using this expression threshold, 17378 transcripts were included
in the differential expression (DE) analysis.
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As both treatments, 0.1% DSMO (control), and 5µM 1-azakenpoullone (Az-treatment),
were administrated to offspring of one mating event, our analysis takes into account
not only the differences between control and treatment, but also the differences of each
independentmating event (replicates). This constitutes a paired design comparing treat-
ment and control for each mating event separately to then subtract the differences be-
tween them.
Given our experimental design, we fit a generalized linear model for each gene as-
suming a negative binomial distribution for the expression levels and evaluate with a
quasi-likelihood test [186].
This model allows us to 1) compare significant differences in expression between the
treatment and control at a significance level α of 0.05, and 2) assess variability between
the three independentmating events (replicates). Additional Figure 2 depicts the in silico
pipeline containing the relevant steps included in the DE analysis. With this pipeline, we
identified 4517 significant upregulated genes, 4425 downregulated and 8436 genes with
no significant change in their expression.
Identification of Ciliogenesis Candidate Genes
Among the total set of 17378 transcripts included in the DE analysis, a subset of 8004
transcripts lack annotation. We aim at identifying ciliogenesis candidate genes among
both the annotated (9374) and the non-annotated transcripts (8004). For this, we de-
signed two annotation-independent approaches. The first approach takes into account
the ratio between expression values in Az-treated and control embryos, while the second
approach evaluates co-expression patterns during normal development. In addition, we
examined the annotated set and identify genes with ciliary related annotations. Finally,
we identify the genes that compile the most evidence to be appointed as ciliogenesis
candidate genes by finding the overlap between the three approaches. In the following
sections we describe the methods to identify ciliogenesis using 1) expression values
from treated vs. non-treated P. dumerilii larva, 2) annotation, and 3) co-expression pat-
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terns based on expression values from the first 14 hours of P. dumerilii development
under normal conditions.
Expected Fold-change of Expression for Ciliary Genes
In order to identify ciliary genes among the P. dumerilii transcripts affected by the Az-
treatement. We defined an interval of expected fold change of gene expression between
treated and non-treated embryos based on the predicted cell fate transformation trig-
gered by the AZ-treatment.
Under normal development, P. dumerilii larva form a ciliated ring composed of two
rows of twelve cells. Based on the cell fate transformation, we predict that treated larva
will have an increase of ciliated cells from 24 to∼ 32. Hence, we hypothesized that, ciliary
genes would exhibit a change in expression, between treated and control embryos, that
reflect such increase in the number of ciliated cells in these two conditions.
To account for biological variability, we define an interval for the expected change of
expression, or ratio (r), between 1.3 and 2 (1.3 ≤ r ≤ 2) which reflects the change of
gene expression between treated and control samples and it is defined based on the pre-
dicted increase of ciliated cells in the treated embryos, and on empirical evidence from
observed gene expression increase in ciliary annotated genes in treated samples. More
specifically, to better define this ratio intervalwe examined the distribution of fold-change
in genes retrieved from PdumBase [143] with annotations related to cilia (Axonemal,
Dynein, Flagellar, Intraflagellar transport (IFT), Kinesin, Tubulin), and compared it with the
fold change in genes with non-ciliary-related annotations (Ribosomal and Myosin).
For the comparison of fold change distribution (Figure 3.3), we took the log-fold
change logFC , the ratio of the normalized count value per gene estimated during the
DE analysis, and based on this value calculated a ratio r. Then, the ratio for a given gene
j is be equal to: rj = 2
logFCj . r then represents the ratio of normalized expression value
of gene j in the treatment over the expression value of j in the control.
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The distribution of the ratio between the expression levels in treated and normal condi-
tions observed in the pre-defined genes sets allowed us to better define the upper end of
the interval which was determined to have a value of 2. This ratio interval indicates that
ciliary genes are expected to be from slightly upretulated (1.3) to a two-fold upregulated
in the Az-treatment. We then use the gene’s ratio as an added sournce of information to
potentially appoint genes as candidate ciliary genes affected by the activation β-catenin
pathway in the treated embryos.
Identification of Ciliogenesis Candidate Genes by Annotation
Guilt-by-association by Gene Family
We first, identified the intersection of known ciliary genes found in P. dumerilii (1610)
and genes included in the DE analysis (17378). A total of 1475 known ciliary genes were
found in this intersection. Next, we used EdgeR to identify significantly upregulated (611),
downregulated (353) and known genes with no significant change in their expression
(511) among these known ciliary genes. We then classified DE genes according to their
membership in the known ciliary genes sub-sets (results shown in Table 3.3)
Subsequently, we identified gene names matching the gene families of genes in the
known ciliary genes high confidence set (HC) among gene names of all P. dumerilii anno-
tated transcripts in PdumBase. True matches were filtered by the DE results (i.e upregu-
lated, no-change in expression, or downregulated). Upregulated transcripts with match-
ing gene names were added to the candidate gene set. This allowed for the expansion
of the candidate set by 118 genes ( Table 3.4).
Identification of Ciliogenesis Candidate Genes by Co-expression Analysis
In order to identify ciliogenesis candidate genes from the group of unknown but up-
regulated genes, we adopted a multi-stage approach. First we clustered known ciliary
genes into groups related to each other by expression similarity. Next, we trained a ran-
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dom forest classifier using the clustering result as training data and consequently used
the trained model to predict cluster labels for the unknown genes.
For the clustering stage, we used expression data obtained during the first 14 hours of
normal developing P. dumerilii embryos. RNA was collected for two biological and two
technical replicas in intervals of 2 hours from 2 to 14 hpf for a total of seven time points:
2, 4, 6, 8, 10, 12, and 14 hpf. Expression data of the 611 ciliary genes known upregu-
lated by the Az-treatment (previously identified) was clustered using hierarchical clus-
tering with Pearson correlation as the distance function and Ward’s minimum variance
method for the linkage procedure. The number of clusters was defined empirically by
using DendroShiny (manuscript in preparation), an in-house visualization tool that allows
to explore the resulting cluster content and size as cluster parameters, such as the tree
cutoff c, are modified. Cluster content and size were evaluated for all c = [0, 1] in incre-
ments of 0.001. We observed only minor changes in the clustering results for c ≤ 0.006.
Therefore, we selected c = 0.0055, resulting in 486 clusters which were used as training
data for the random forest model. We parameterized the random forest model using the
cluster ids for each of the known genes as the response vector and their corresponding
expression patterns as predictors (ntree = 3000). This model was found to have an R2
of 0.97, with an adjustedR2 of 0.78 and consequenctly used to predict the cluster labels
for the 3906 unknown genes.
Cluster’s Information Criterion
In order to guide the exploration large number of clusters, we leverage their informa-
tion content, under the rationale that higher information content of clusters correlates
with higher biological relevance and amoremeaningful the biological interpretation. For
this, after classifying the unknown genes and assigning them to a known ciliary gene
cluster, we explore the coherence of the resulting clusters by these ranking according
to their predictive power based on the information criterion. Let pi,j be the probability of
gene j to be assigned to cluster j. The information criterion ICj for gene j is calculated







Hence, the information criterion values range between 0 to 1where larger values indicate
higher predicted probability of that gene to be assigned to a particular cluster.
Data and Availability
The data, as well as the source code for the computational approach described in this
work has been deposited at https://github.com/NataliaAcevedoLuna/Ciliogenesis.git.
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Abstract
Modern genome-wide gene expression analysis approaches routinely yield pro-
hibitively large sets of potential genes of interest which require further post-processing
in order to distill useful information from the data. One such approach attempts to
assign potential functions to poorly characterized genes by clustering annotated genes
with non-annotated candidates based on their expression patterns.
The success of these methods is highly dependent on a sensible choice of numerous
clustering parameters. Making an informed decision regarding these parameters and
interpreting the clustering results however is challenged by a current lack of user friendly,
graphical, and interactive visualization tools.
To close this gap, we have developedDendroShiny, a tool to interactively examine gene
expression clusters as the clustering parameters are adjusted. DendroShiny (1) clusters
the genes based on the expression profiles of a set of well characterized genes and
uses the features of that set to classify non-annotated genes, (2) displays an interactive
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gene tree representing the similarity among the gene expression patterns, (3) allows the
user to define the final number of clusters and visualizes the resulting gene sets, (4)
interactively displays the expression profiles and meta data of genes in each cluster, (5)
allows to browse the clusters by gene name.
We exemplify the use of DendroShiny through the analysis of RNA-seq data from the
early embryonic development of Platynereis dumerilii, an annelid animal model. Here,
DendroShiny allowed for the identification of candidate ciliary genes despite the lack of
an annotated genome. Overall, DendroShiny allows the user to intuitively explore clus-
tered gene expression data and has the potential to facilitate the downstream analysis
of transcriptomic data sets.
Availability
A reference implementation of DendroShiny is currently available at http://sqs-
lab.gdcb.iastate.edu:3838/dendroshiny while the source code has been deposited
at https://github.com/NataliaAcevedoLuna/DendroShiny.
Introduction
The advent of efficient sequencing technologies allows the access to genome and
transcriptome sequences in an unprecedented manner exceeding our technical capa-
bilities to interpret the information they encode. Despite the effort of several groups, in-
cluding but not limited to Ensembl [187], RefSeq [188], GENCODE [189], and the Gene On-
tology Resource [190], functional gene annotation still remains a challenging computa-
tional task. For instance, transcriptomic analysis throughout early developmental stages
of Drosophila melanogaster, a well-established model organism, has shown that about
30% of transcribed nucleotides map to non-annotated intronic and intergenic genome
regions. The biological function of the majority of these non-annotated transcribed re-
gions remains unknown [191]. In humans, about half of protein coding regions and their
corresponding genes remain non-annotated [192, 193].
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Functional annotation represents an even greater challenge when working with non
conventional model organisms due to the frequent absence of a reference genome.
In such circumstances, researches rely on de novo transcriptome assemblies in which
RNA-seq reads are compiled into gene transcripts in a genome independent manner
[194, 195, 196]. Functional annotation of such transcripts is frequently carried out by
automated computational pipelines. These approaches frequently rely on homology
queries searching for similar sequences in other annotated model organisms to infer
function for each assembled transcript. This however introduces a bias towards tradi-
tional genetic models [197] as a greater body of research for these typically mammal
animal models exists. Due to its automated nature, this process is also prone to high
levels of noise and false prediction which, in combination with the complexity of the
assembly, its sensitivity to sequencing errors, and the frequently encountered chimeric
transcripts (transcripts with assembled regions belonging to different genes)[194], can
lead to incomplete transcriptome annotation. However, with continuous development of
improved and affordable sequencing technologies, and the prospect of the read length
becoming longer than that of the transcripts, a number of current challenges have the
potential to soon be resolved. Until then, functional annotation still requires a great detail
of manual curation, a process that is time consuming and often prohibitively expensive
in a large number of studies.
When functional annotation is applied to the cellular and/or organismal level, one is
frequently concerned with the functional discovery of sets of genes that jointly perform
complex cellular functions. In this scope, analysis of co-expression networks has shown
that genes with similar expression features have an increased likelihood of being asso-
ciated with a common function [198]. A frequent functional annotation approach for
genes therefore relies on identifying groups of genes that correlate in their expression
patterns [199]. Furthermore, the analysis of such co-expression networks has lead to
the discovery of genes related to a specific function in a particular cell and/or tissue
type [200], or to genes involved in a distinctive pathological phenotype [201, 202].
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However, identifying groups of genes related to each other through a common expres-
sion pattern is not a trivial task. A major reason for this, concerns the need to choose
specific parameters for the clustering approaches which must reflect the underlying bi-
ology of the data. Therefore, manual adjustment is usually required for parameter selec-
tion during gene clustering. This variability in experimental design, biological question,
and the resulting RNA-seq data is reflected in the large number of analysis pipelines
published to date (see Ballouz, S. et al. [203] and van Dam, U. et al. [204] for a detailed
overview), each of which offer parameter choices tailored to the particular setup at hand.
Efficient data visualization at strategic stages of these pipelines can dramatically aid this
process but remains challenging given the size of a typical high throughput sequencing
data set. To the best of our knowledge however, none of the currently available solutions
allows for an interactive and intuitive approach for optimal parameter selection.
In order to close this gap we present DendroShiny, a dynamic visualization tool for
the exploration of genome wide co-expression networks. Our tool allows for the visual
inspection of the co-expression groups as the cluster parameters are modified. Den-
droShiny has shown to facilitate the selection of the clustering cutoff based on the bio-
logical question at hand, as it provides the user with an interactive visualization that is
updated as the clustering settings are adjusted. In addition DendroShiny enables effi-
cient interactive exploration of the co-expression clusters by allowing the user to select
gene groups based on size, annotated gene content (genes with known function), or by
searching by gene name or transcript id of interest.
DendroShiny is implemented in R [205] and Shiny [206], and takes as input expression
data over different conditions or time points as well as the associated metadata which
can include an array of different type of information such as functional annotation, gene
name, phenotypic association, and more. Our tool then produces a queryable dynamic
visualization of the corresponding co-expression clusters using information from the
functionally annotated genes to derive aspects of the poorly characterized ones. At its
core, DendroShiny takes a subset of feature genes corresponding to the known or well
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characterized genes, and clusters their expression profiles based on a pre-determined
similaritymeasure. DendroShiny then trains a supervised learningmodel based on these
clusters and uses it to derive similarities between the expression patterns of the known
and unknown genes (see Figure 4.1).
We have applied DendroShiny to identify previously non-annotated genes potentially
involved in ciliary assembly in a non-conventional animal model, the annelid Platynereis
dumerilii. In this case study, DendroShiny allowed us to infer gene function for unknown
(non-annotated) genes from genes with known function that show similar expression
profile during early developmental stages.
EXPRESSIONMETADATA
Figure 4.1: Data flow overview of DendroShiny. DendroShiny requires two input files: metadata
and expression file. One column of the metadata file defines the subset of genes to cluster
and to train the model. The user can select the high tree cut cutoff c which determines the
number of clusters obtained. Once the tree is calculated the user can select tree granularity
which changes the display of the dendrogram. Cluster content can be accessed by clicking on





DendroShiny uses R for its server-side computations and takes as input expression
data time series for a set of genes (or transcripts), as well as correspondingmetadata in-
cluding but not limited to gene annotation, differential expression information, andmore
(See Figure 4.1). For a detailed description of the input format, we refer the reader to the
manual integrated within DendroShiny.
Data Prepossessing
On startup, our approach first filters out any genes which have previously not been
identified as differentially expressed. The remaining genes are subsequently separated
into two subsets corresponding to annotated and non-annotated genes according to
their metadata information.
Next, a similarity matrix between all pairs of annotated genes is computed. As dis-
tance measure, the Pearson correlation between the log transformed expression vec-
tors of every gene pair is used. This matrix then forms the input to an agglomerative
clustering algorithm using Ward’s clustering criterion in order to generate a hierarchical
representation of the proximity between the input genes in form of a dendrogram.
Cluster Generation and Classification
Given a user defined similarity threshold value c, a set of clusters is computed from
the previously performed clustering process by cutting the dendrogram at height c and
designating the resulting sub-trees as individual clusterswith their leafs (genes) asmem-
bers. Each cluster is consequently assigned a unique identifier in no particular order.
To classify the set of non-annotated genes, DendroShiny relies on training a random
forest[207] with cluster information from the annotated genes. Specifically, ourmethods
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trains a random forest with 3000 trees using the gene expression profiles together with
their corresponding cluster ids as predictors and response variables, respectively. The
trainedmodel is then used to derive similarities between poorly characterized genes and
annotated genes in a computationally feasible manner.
We note that the use of a random forest to classify the non-annotated genes into the
clusters of annotated genes, is computationally more efficient compared to the naive
approach of jointly clustering the full dataset (annotated and non-annotated genes).
This operation has quadratic time complexity and therefore grows exponentially with
the number of data points. Instead, DendroShiny performs clustering on only a small
subset of genes (annotated only) and combines this result with with efficient training
and prediction routines for the random forest. In addition, our approach requires sig-
nificantly less memory for its operation making it an ideal application for real-time web
interface usage.
The Web Interface
The client-side interface of DendroShiny is written in Shiny [208] and is composed
of two vertically separated sections, housing the configuration widgets of the various
user-definable parameters for clustering and visualization on the left, and the interactive
visualization of the results on the right.
In the parameter panel, users can choose the cutoff c as described in Material and
Methods, which defines the number of clusters that will be generated from the pre-
computed dendrogram. Note that due to the potential size of the input data, this might
result in a significant amount of clusters, making any attempt at visualizing their hierar-
chical relationship challenging. To tackle this issue, DendroShiny features a tree granu-
larity option which collapses branches of the dendrogram below a user-defined height
threshold (selected in percent) in order to improve visibility and navigability of the data
(see Figure 4.2 A). In addition, our approach allows the user to dynamically select which
time points of the expression data should be included in the analysis.
121
Figure 4.2: Screen capture of the web interface of DendroShiny A. Parameter panel where Cut-
off c, Tree granularity and Time points can be adjusted. B. Dendrogram of the gene clustering.
Each cluster is represented as a circle, size is proportional to the number of genes in the clus-
ter and color represents the number of annotated/known genes. C. Search dataset: the user
can browse the cluster content by typing gene name or transcript id. Selected cluster content:
displays gene names of genes in the selected cluster. Genes from this display can be selected
and its corresponding expression profile will be highlighted. D. Parallel coordinate plots showing
the expression patterns of selected clusters. Clusters can be selected by clicking on their circled
representation from panel A, or by searching their content by gene name(s) in panel C.
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Based on the combination of the above described parameters, DendroShiny generates
a tree representation of the clustering results in which each leaf consists of one or more
clusters and whose height is trimmed at the desired tree granularity. Clusters are styled
as individual circles whose size is proportional to their number of genes and which are
color coded according to the number of annotated genes they contain (see Figure 4.2 B).
Additional cluster information including the cluster id, the cluster size, and the number
of annotated and non-annotated genes is displayed in a text box when hovering over the
cluster of interest.
Upon selecting one or more clusters, DendroShiny proceeds to query the expression
and annotation data of the contained genes, and to display expression as parallel co-
ordinate plots for each cluster as follows: the expression patterns of annotated genes
are shown in green whereas red lines correspond to non-annotated genes predicted by
the random forest to belong to this cluster. Furthermore, the average expression of the
annotated genes is highlighted in blue. Hovering over any of the expression patterns will
display additional information such as the unique gene identifier and, if available, anno-
tation data (see Figure 4.2 D). As an alternative to manually selecting individual clusters,
the dataset can also be searched for gene names and alternative annotations using the
”Search Dataset” function (see Figure 4.2 C). Here, an arbitrary number of search terms
can be selected from the widget, resulting in the clusters containing the genesmatching
the selection to be highlighted in the dendrogram, as well as their corresponding expres-
sion plots being displayed. The expression patterns of the queried genes are highlighted
in black.
Each of the individual expression plots can further be selected to allow for analysis in
added detail. Specifically, an exhaustive list of all genes comprising the selected cluster
is made available to the user under ”Selected Cluster Content”. One or more genes can
then be selected from this list and highlighted in the corresponding expression plot to
allow for easy comparison of their expression patterns.
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Case Study
We applied DendroShiny to identify genes potentially involved in ciliogenesis in a non-
conventional animal model, the marine annelid Platynereis dumerilii. Ciliogenesis is the
biological process in which cilia, small projections from the cell surface, are assembled.
Cilia are involved in a variety of functions, both at the cellular and organismal level. Par-
ticular to P. dumerilii, multiciliated cells are formed during development to produce a free
swimming larva that propels itself through coordinated cilia movement.
We obtained RNA-seq expression data for seven time points comprising the early de-
velopmental stages of P. dumerilii from 2 hours to 14 hours post fertilization (hpf) in
intervals of 2 hours (i.e. 2, 4, 6, 8, 10, 12, and 14 hpf) and utilized DendroShiny to elu-
cidate potential ciliary genes among 4517 genes that were identified to be upregulated
in a treatment that triggered the formation of a hyperciliated larva (see Chapter 3). This
set includes 611 genes whose annotation is related to a ciliary function in other species
which we refer to as known ciliary genes in P. dumerilii. Among the remaining 3906
genes, 1769 are annotated but have previously not been associated with ciliary function
in other species while the remaining 2137 genes lack any annotation.
Using DendroShiny’s interactive capabilities, we were able to efficiently identify the
optimal clustering parameters (here, c = 0.005, see Methods) which best reflected the
underlying biological properties of the data on a global level. Specifically, a tree cutoff
value of 0.005 resulted in a clustering landscape in which unknown genes were assigned
to the annotated genes with highest expression similarity on average. For this, the clus-
tering step of DendroShiny’s pipeline was performed using the expression profiles of the
611 known ciliary genes, while the remaining 3906 genes were classified into the corre-
sponding ciliary gene clusters using the random forest approach (see Methods).
To demonstrate how DendroShiny can facilitate the identification of genes potentially
involved in ciliary assembly. Two known ciliary genes, fbf1 and mcidas, were selected
for visual exploration of their co-expression clusters. These two geneswere selected be-
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cause they have been reported to have critical functions during initiation of ciliogenesis
in other species [209, 210].
The first gene, fbf1, is a ciliogenesis precursor known to be involved in microtubule
organization and in the docking of centriole distal appendage to a ciliary vesicle [209],
an important step in the initial stages of ciliogenesis. The second gene,mcidas, is a tran-
scription factor involved in initiation of multiciliated cell differentiation, triggering basal
body formation [210]. Hence, the function of both, fbf1 and mcidas, is of major impor-
tance to initiate ciliogenesis and identification of their co-expressing genes could aid
in better characterizing this biological process in P. dumerilii. However, the homolog to
these genes in P. dumeriliiwere observed to have no co-expressing partners when using
the globally optimal clustering parameters.
To tackle this challenge, leveraged DendroShiny’s ability to explore the co-expression
clusters of these genes (or any gene) as the cluster parameter c is modified. This hence
allows to explore locally optimal clustering solutions which enable the interactive identi-
fication of genes with similar behavior to a particular gene of interest.
Appropriate Selection of Clustering Threshold Aids the Identification of Candidate
Genes
When increasing the tree cutoff from 0.005 to 0.015, the cluster containing fbf1
changes from a singleton cluster to having four additional co-expressing genes: the
known ciliary gene cast (also called hspg2), two annotated genes (zswm6 and zbt20)
and one non-annotated transcript (comp226246_c0). Interestingly, the two knowngenes
in this co-expression group have a related function. While fbf1 is involved in cell polar-
ization and ciliary basal body docking to the plasma membrane, cast is known to reg-
ulate membrane fusion events [211]. Along with these two well characterized known
genes are two genes with annotations not previously related with ciliary function. Both
of these genes, zswm6 and zbt20, encode for proteins containing a zinc finger domain
and both are associated with functions related with neurogenesis [212, 213]. In addition
125
to these three annotated genes co-expressing with fbf1, the remaining non-annotated
transcript appears to have highly similar patterns of expression compared to cast (see
Figure 4.3).
Taking into account that the data processing involved a filtering step. In this example,
by user choice only the genes upregulated in a treatment that cause hyperciliation in P.
dumerilii larva were selected to be included in DendroShiny for the analysis.
Note that by design, our dataset contains only those transcripts which have been iden-
tified as upregulated as the result of a treatment that causes hyperciliation in P. dumer-
ilii increasing the probability of these genes to be involved in ciliary assembly. The co-
expression analysis using DendroShiny therefore facilitates the identification of poten-
tial novel candidates ciliary genes respectively among all the upregulated annotated and
non-annotated genes.
In this particular example, out of a total of 2137 non-annotated transcripts, Den-
droShiny allowed us to identify transcript (comp226246_c0) as a gene potentially in-
volved in the initial steps of ciliogenesis based on co-expression with two genes with
known function in the initiation of ciliogenesis. More specifically, its potential function is
related to docking of ciliary vesicle to the distal appendage of the centriole, and fusion to
the ciliarymembrane. Experimental validation is required to verify this function, however
it highlights the benefit of DendroShiny’s approach in guiding the selection of potential
transcripts to validate by providing the user with meaningful data to make an informed
decision.
In addition, to implicating a potential novel ciliary gene, two annotated genes, zswm6
and zbt20, whose annotation have not been related to ciliary function, were identified
as potential new ciliogenesis candidates. As with the non-annotated transcript, further
in-vitro analysis is required to determine the extend of their ciliary function.
126






























Figure 4.3: Impact of tree cut parameter c in co-expression results A. Parallel coordinate plot of
fbf1 at c = 0.005. At this low tree cut fbf1 represents a single-gene cluster. B. Parallel coordinate
plot of fbf1 co-expression cluster at c = 0.015. The expression of another known ciliary gene
(cast), two annotated (zswm6, zbt20) genes and one non-annotated transcript, are depicted in
green, red and with a red dotted line, respectively.
Another advantage of DendroShiny’s visualization techniques relates to the explo-
ration of the hierarchical similarity structure between clusters. Specifically, our approach
allows to easily examine the neighboring clusters to a cluster of interest. Figure 4.4
shows the selection of three clusters belonging to the same branch containing the clus-
ter for the known gene fbf1 (Figure 4.4 B) . In this particular example, the remaining
clusters exhibit distinct patters of expression as compared to the fbf1 cluster suggesting
that the chosen clustering thresholdmeaningfully partitions the data into biologically rel-
evant groups. This preliminary exploration therefore highlights the utility of DendroShiny
in making an informed decision for a purposeful clustering threshold.
Appropriate Time Point Selection Can Dramatically Impact Co-expression Results
One important feature of DendroShiny is that it allows to easily select the expression
data to be included in the analysis. In this case study, the expression data includes 7
time points corresponding to 2, 4, 6, 8, 10, 12, and 14 hpf. This information is displayed



























































Figure 4.4: Exploration of the clustering neighbourhood with Dendroshiny. A) The resulting den-
drogram with c = 0.0015 and with collapsed banches at a 2% granularity for improved visualiza-
tion. Selected clusters are depicted in red. B) Co-expression cluster containing gene fbf1 C-D)
three exemplifying clusters in the vicinity of B). Note that all clusters exhibit distinct expression
patterns compared to B).
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To exemplify this feature we selected mcidas, a gene that encodes for a transcription
factor known to initiate the transcriptional cascade that triggers ciliogenesis [210]. Co-
expression results for mcidas at c = 0.005 including all time points (2 to 14 hpf) failed to
identify any co-expression partners. However, when excluding 2 hpf from the analysis,
DendroShiny successfully identifies three genes co-expressing with mcidas. Visual ex-
ploration of the expression patterns shows that indeed, genes inmcidas cluster behave
very similar from 4 hpf on wards (see Figure 4.5.
Under this new clustering settings, mcidas co-expression cluster includes the known
ciliary gene wdr97, one annotated transcript (tc1d1) not yet related to a ciliary function,
and one non-annotated transcript. This result points towards these two unknown genes
(with no known function in ciliogenesis in other species) being involved in the formation
of cilia in P. dumerilii. It furthermore highlights the utility of DendroShiny to identify a
small set of potential candidates out of 3906 initial genes. However, further experimental
validation is required to verify our finding.
This type of analysis highlights how selecting specific time points can be used to de-
duce certain properties, biases and noise in the underlying data. In this particular exam-
ple, the clustering results without 2hpf suggest that this particular time point contains
a higher degree of expression variability compared to the others. It is however worth
mentioning that techniques such as this should be use as an exploratory step only in the
analysis pipeline in order to fine tune the required parameters.
Discussion and Conclusion
Given the ever increasing complexity and size of modern high throughput sequencing
experiments, effective adjustment of analysis parameters in computational processing
pipelines is paramount in ensure the underlying biology of the datasets is appropriately
represented in silico. This however cannot always be achieved in an automated manner
and requires tailored, algorithmic solutions that allow for fast, interactive, and meaning-
129


























Figure 4.5: Impact of time point selection in co-expression results A. Parallel coordinate plot
ofmcidas at c = 0.005, including all time points from 2 to 14 hpf. With this settingsmcidas rep-
resents a single-gene cluster. B. Parallel coordinate plot ofmcidas co-expression cluster, same c
as in plot (A) (c = 0.005) but excluding 2hpf in the clustering. These settings result in four genes
in mcidas co-expression cluster. The expression of another known ciliary gene (wdr97), an an-
notated (tc1d1) gene and one non-annotated transcript, are depicted in green, red and with a red
dotted line, respectively.
ful visualization of the relevant data aspects affected by the choice of these parame-
ters.
Our solution, DendroShiny, tackles this challenging issue by providing the user with
an intuitive, web-based interface for the exploration of genome wide co-expression net-
works. Most importantly, our tool enables efficient selection of clustering parameters
in real time on large datasets allowing the user to interactively inspect the resulting co-
expression groups for their biological relevance. This analysis is aided by a large array
of auxiliary functionalities including but not limited to the ability to search the dataset
by annotation terms, visualizing the expression profiles of the clusters, and represent-
ing large volumes of clusters in a novel way without loss of information regarding their
hierarchical relationship.
DendroShiny additionally features the ability to exclude an arbitrary number of time
points from the analysis. This is important as it allows not only for fast identification of
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possible noise in the data due to experimental, or technological reasons, but also to high-
lightwhich timepointsmight contain relevant expression information. Such analysis can
for instance be achieved by iteratively removing one time point a time and observing how
the composition of the resulting clusters change given the premise that removal of the
above described data would result in a significantly altered cluster landscape.
Our case study highlights the effectiveness and necessity of tools such as Den-
droShiny as we were able to implicate the potential function of poorly characterized
transcripts and guide the selection of non-annotated transcripts for experimental valida-
tion. Note that without the ability of interactive exploration of the dataset under specific
clustering parameters, automated pipelines typically rely of user-provided defaults or
compute clusters based on a mathematically optimal value based measurable proper-
ties of the data such as density [214] or posterior probability [215]. The resulting clusters
however rarely reflect the true underlying biology of the data and therefore require user
expertise and manual intervention in order to generate meaningful results.
Overall, our examples show the power of exploring how the cluster content changes
as the clustering parameters are modified to yield important insights into the underlying
biology of the data. In this context, DendroShiny can be used to aid experimental design.
In the above examples, DendroShiny facilitated the identification of poorly characterized
genes, and hinted to their potential function. A subsequent step would involve the func-
tional validation of this prediction. In a wet-lab setting, DendroShiny has the potential
to facilitate the selection of these candidates in an intuitive, graphical, interactive, and
user friendly manner depending on the researchers expertise and interest. Furthermore,
the results can be experimentally verified hence accelerating the the discovery of novel
genes in a data-driven manner.
DendroShiny’s potential is not limited to aiding the identification of the potential func-
tion of non-annotated or poorly characterized transcripts but is applicable to awide array
additional of scenarios. As an example, our method could be leveraged to identify co-
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expressing partners of non-coding RNAs in order to relate their function with that or their
co-expressing coding genes.
In all, DendroShiny represents a versatile, interactive, and easy to use tool which
we hope will facilitate the analysis of current and future high-throughout sequencing
datasets by closing the gap betweenmanual, command line based analysis of datasets,
and fully automated but frequently imprecise data processing pipelines.
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CHAPTER 5. GENERAL CONCLUSIONS
Overview
Even though, the primary focus of this dissertation relies on the analysis of next-
generation sequencing data for the identification of ciliogenesis candidate genes, the
overarching goal has been the development of in silico tools for data accessibility, anal-
ysis, and visualization.
The ability to access and interpret themassive amount of biological data produced by
constantly improving sequencing technologies has become a bottleneck in biological
research. This is even more relevant when working with non-conventional model organ-
isms, as the majority of tools and databases are focused on the conventional models
with annotated genomes. The development of PdumBase, a transcriptome database
and research tool for themarine annelid Platynereis dumerilii, therefore represents a sub-
stantial contribution to the field of evolution and developmental biology. PdumBase pro-
vides a versatile online tool to investigate stage specific transcriptional inputs during em-
bryogenesis and throughout the life cycle of the annelid Platynereis dumerilii and other
selected species. In addition, PdumBase also provides a searchable interface for an ad-
ditional six species includingDanio rerio, Xenopus tropicalis,Homo sapiens,Nematostella
vectensis, Strongylocentrotus purpuratus, and Ascaris suum.
More importantly, PdumBase facilitated the identification of ciliogenesis candidate
genes providing initial annotation to ∼ 17000 transcripts upon which the curated ciliary
annotation was preformed. Our systematic approach for the identification of ciliogene-
sis candidate genes allowed us to identify the majority of genes with known ciliary func-
tion in P. dumerilii previously described in other species. A total of 1610 ciliary geneswere
found conserved in P. dumerilii. This represents the first comprehensive survey of ciliary
genes in this invertebrate.
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Among the known conserved ciliary genes found P. dumerilii, we further identified a
set of 48 high confidence ciliogenesis genes. Based on co-expression analysis using
expression data from normal development, we identified 125 potential new candidate
genes. These are genes which have annotation but have not been associated with cil-
iary function in other species. In addition, we elucidated 70 potential novel ciliary genes
among the non-annotated transcripts.
The significance of our findings lays in the fact that our approach allowed us to identify
potential new and novel ciliogenesis candidate genes P. dumerilii transcripts with and
without annotation despite the absence of a reference genome. This in turn enabled
the inclusion of poorly characterized transcripts that showed no homology to any other
annotated gene in other species by primary structure.
The co-expression analysis implemented to identify ciliogenesis candidate genes
drew our attention to the need of a visualization tool that would allow us to define the co-
expression clusters parameters through visual inspection and to further explore the clus-
ter content in an interactive way. This need motivated the development of DendroShiny,
a dynamic visualization tool for the exploration of genome-wide expression data.
DendroShiny enables efficient selection of clustering parameters in real time on large
datasets allowing the user to interactively inspect the resulting co-expression groups for
their biological relevance. DendroShiny represents a versatile, interactive, and easy to
use tool which we hope will facilitate the analysis of current and future high-throughout
sequencing datasets by closing the gap betweenmanual, command line based analysis
of datasets, and fully automated but frequently imprecise data processing pipelines.
The work presented here lays the foundation to further studies to elucidate themolec-
ular processes of ciliary assembly in P. dumerilii. In addition, it represents an approach
for the integration of transcriptomic data in the absence of an annotated genome, an





Future expansions for PdumBase may include genome-wide expression profiles after
experimental manipulations, single cell transcriptomic data for early stages of develop-
ment, and genomic information of regulatory regions to provide further entry points for
promoter and network analysis. Further database subdivisions could display more de-
tailed and/or manually curated aspects of early development such as asymmetric cell
division, distinct pathways, or the emergence of distinct cell lineages and cell types. Ad-
ditionally, we consider the inclusion of images of gene expression data as a possible and
valuable future expansion. Further PdumBase extensions may include an interactive vi-
sualization of clustered genes based on expression profile by integrating components of
DendroShiny into the user interface of PdumBase. Such a tool would enable the user to
fine tune the cluster parameters while simultaneously visualizing the change in cluster
composition allowing to user to examine different sets of genes at a time.
As such, PdumBase can be seen as a prototype for an online research tool to make
any large-scale genome-wide data set quickly accessible to researchers without requir-
ing prior expertise in bioinformatics, showcasing how valuable and extensive transcrip-
tional data set can be made accessible for community wide data mining. The versatility
and variety of search options hence enable a wider range of research questions to be
investigated both, within a single laboratory and across the scientific community.
Ciliogenesis Candidate Genes Outlook
We developed a systematic approach of finding and classifying candidate ciliary
genes in Platynereis dumerilii combining different sources of information. Based on se-
quence similarity we found that the majority of the known ciliary genes described in
other species are also conserved in P. dumerilii. Among those orthologous genes poten-
tially involved in ciliogenesis, we further identified 611 potential targets of the β-catenin
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signal transduction pathway based on their change of expression in hyperciliated em-
bryos compared to wild-type. In addition, among the potential targets we categorized 46
Platynereis transcripts as high confidence ciliogenesis candidates, as those genes fulfill
several stringent criteria.
Based on co-expression pattern using expression data from normal development, we
were able to implicate potential novel ciliary candidate genes, 125 among the annotated
transcripts, and 70 among non-annotated transcripts. However, experimental validation
to confirm their involvement in ciliary assembly and function is currently missing. There-
fore, part of the future work in relation to our ciliogenesis approach consists in cloning of
the most promising candidates, whose selection have been guided using DendroShiny,
and checking their spatio-temporal expression pattern at different stages of Platynereis
dumerilii development. A gene that is involved in ciliogenesis should be expressed in the
developing ciliary structures like the prototroch, apical tuft and telotroch multiciliated
organs of the trochophore larva.
Furthermore, some of the expected ciliogenesis candidates genes that have beenwell
characterized in other species, were found not to be affected by the treatment that trig-
gered hyperciliation in P. dumerilii. This result could indicate that these genes are not
target by the β-catenin pathway, but could still contribute to ciliogenesis via alternative
regulatory mechanisms in P. dumerilii, for example these genes could be maternally pro-
vided at high levels and/or are ubiquitously highly expressed. However, further work is
required to discern between these possibilities.
Towards a Ciliogenesis Gene Regulatory Networks
Our results from the identification of ciliogenesis candidate genes show that in
Platynereis dumerilii both transcription factors, Rfx and FoxJ1 are likely to be involved
in ciliogenesis as both genes are found in the known candidate ciliary gene set and both
are significantly upregulated in the hyperciliated larva andwithin the ratio interval defined
based on the cell lineage affected by the activation of the Wnt/β-catenin pathway. Foxj1
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is expressed early in the ciliary cell lineages that form every ciliary structure inPlatynereis
larvae (data not shown).
In addition, among the ciliogenesis candidate genes identified here, 392 known ciliary
genes found conserved in P. dumerilii are reported as targets of rfx and foxj1. Therefore,
promoter analysis on those genes constitutes a promising starting point for the study
of the regulatory mechanisms driving ciliogenesis in P. dumerilii.
In general, a potential approach to characterize the promoter regions of these can-
didate genes would include 1) mapping the candidate transcripts to the P. dumerilii
draft genome consisting of 147, 821 contigs and extracting the upstream region of these
genes, 2) developing appropriate in silico pipelines for the identification of potential tran-
scription factor binding sites, and 3) experimental validation through a promoter con-
struct approach to identify functional binding sites.
To this date, promoter prediction represents a computational challenge. This is espe-
cially true in the case of our particular context as the availability of upstream sequences
might be limited to a reduced number of genes due to the lack of a published refer-
ence genome in P. dumerilii. Furthermore, so far no characterized transcription binding
motifs for P. dumerilii are currently known. Therefore, approaches that rely on genome
wide analysis, and/or require transcription factor binding site information might not be
applicable to our current data. However, as the sequencing technology and annotation
approaches improve, we expect these current limitations to soon be overcome.
Single Cell Transcriptomics
An alternative approach for the study of ciliogenesis in Platynereis dumerilii involves
single cell transcriptomics.
Our current data set was obtained from whole embryos and therefore the expression
data, obtained after inducing hyperciliation, represents the combined effect of the treat-
ment over a mixture of cells with different cell fates. Furthermore, the cell fate trans-
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formation induced by the treatment described in Chapter 3 also affects the cells with
endomesodermal fate (Figure 3.2). Therefore the set of upregulated genes in our cur-
rent dataset represent amixture of at least two, ciliogenesis and endomesodermal, gene
sets.
In addition, the cell fate transformation triggered by the treatment, caused a significant
morphological change in the embryo, not necessarily limited to ciliary assembly. As a
result the majority of the genes are affected by the treatment and introduce high levels
of expression noise hindering the identification of significantly differentially expressed
genes.
Hence, identifying the correct set of genes affected by the treatment, and discerning
between ciliary and endomesodermal genes among those genes in the absence of an
annotated genome represents an even greater challenge. We believe to have overcome
most of those limitations with our innovative computational approach. However, single
cell transcriptomics has the potential to eliminate a number of biological noises including
the presence of a mixture of cell fates among the genes upregulated in the hyperciliated
larva. This in turn can noticeably increase the prediction accuracy of the downstream
data analysis pipeline as a result.
The single cell approach would take advantage of the developmental features of
Platynereis dumerilii, presenting a larva with stereotypical cleavage with predictable cell
fates. This in turn enables the isolation of individual trochoblasts, cells committed to
differentiate to multiciliated cells. Isolating a series of these cells over a time series
covering the development from 4 hpf, when four trochoblasts are present in the animal
region of the P. dumerilii embryo, to 24hpf when the trochophore is fully developed.
Single cell RNA-seq analysis from the time series described above would allow to
identify cell state distinguishing genes, and to cluster and classify the genes accord-
ing to their kinetic trends, identifying differentially expressed genes and their expression
profiles. In addition, computational analysis of these type of time series single cell tran-
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scriptomic data would enable to trace the trajectory of a cell as it differentiates. In this
particular case, identifying the trajectory of a trochoblast as it differentiates into a MCC
would enable the identification of the genes that enable the transition towards a multi-
ciliated cell fate.
This approach however, requires the sequencing of a large number of cells in a time
series with numerous sampling points. With current sequencing technology and its as-
sociated cost, this undertaking could prove prohibitively expensive at this time. However,
continuous improvement and cost reduction in this biotechnological sector could soon
make single cell analysis in this scope a viable option.
Concluding Remarks
Overall the computational and biological efforts outlined within this work represent a
first and crucial step towards the generation of a comprehensive survey of ciliogenesis
genes in a non-conventional animalmodel and to achieve a comprehensivemolecular in-
ventory of a multiciliated cell type. This data set is bridging the gap between our current
understanding of phenotypic and genomic relationships of ciliogenesis in Platynereis
dumerilii and other species. We further believe that the tools developed here are appli-
cable not only in the context of ciliogenesis but also for the study of other biological





Figure A.1.1: Expandable results from PdumBase Result Interface: Co-expression A. The Result
Interfacewith the option “Showother info” selected. B. Co-expression information interface under
the tabulator “The same cluster” displays all the transcripts/genes in the same cluster of a given
component. Shown are protein name, correlation, topology overlap, and expression data. C. Co-
expression information interface under the tabulator “All” displays all genes sorted by the ranking
according to correlation score. D. Co-expression information interface under the tabulator “DE
genes” displays deferentially expressed genes between consecutive time points.
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Supplementary Figure A.1.2
Figure A.1.2: Expandable results from PdumBase Result Interface: Gene models A. The Result
Interface allows to click on each gene found, expanding its expression and annotation informa-
tion. B. Shows the interface obtained when clicking on a Gene ID from the result table. Plots of
expression data over time of development are shown (early stages and all stages are plotted)
Expression plot includes data of all isoforms found for a gene. C. Expression Data tab. This tab
displays FPKM and Raw counts for a given gene and its possible isoforms. D. Annotation Tab.
This interface retrieves detailed annotation information.
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PDUMBASE MANUAL
The Schneider lab Platynereis dumerilii online database: PdumBase, provides a com-
prehensive, versatile online tool to investigate stage specific transcriptional inputs
during embryogenesis and during the life cycle of the annelid Platynereis dumerilii and
other selected species (e.g. Danio rerio, Xenopus tropicalis, Nematostella vectensis,
Strongylocentrotus purpuratus).
This document provides a brief description of the database content and a detailed
guide on how to browse its data thorough exemplary searches. The tutorial is intended
as a motivational introduction while exploring and trying out the features PdumBase
has to offer as an online resource to integrate and visualize our data and findings.
Database Content
In the following, the database content as well as its structure is explained. First, the
details of the raw RNA-Seq data sets are highlighted, followed by an introduction into
their corresponding expression data and associated annotation profiles. Furthermore
the gene expression profiling features of this software are introduced, followed by an
introduction intoPlatynereis specific coexpression networks aswell as their comparative
transcriptome data.
1. RNA-Seq Data Sets
Platynereis dumerilii Normal Development Data Set
TheNormal Development Data Set is comprised of two sources of information each of
which corresponding to different stages of development Platynereis dumerilii at specific
time points.
• Early stages data set: RNA-seq data generated by Schneider lab
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Description: This data corresponds to the first comprehensive transcriptome draft
during early development in Platynereis dumerilii using the de novo assembly strategy.
We performed mRNA deep sequencing of distinct stages using the Illumina HiSeq se-
quencing system with read lengths of 75bp to 100bp.
Time points: 0, 2, 4, 6, 8, 10, 12, 14 hours post fertilization (hpf). Each stage has two
biological replicates. The depth of these libraries ranges from 40 to 120 million paired-
end reads (see Table A.2.1).
Table A.2.1: Time points from Early Stages data set
Time (hpf) Description Time (hpf) Description
0 Unfertilized egg 8 ∼ 80-cell
2 Zygote 10 ∼ 140-cell
4 ∼ 8-cell 12 ∼ 220-cell
6 ∼ 30-cell 14 ∼ 330-cell
Assembly: All the biological replicates, which contain about 1.5 billion reads, were
assembled into 357,961 transcripts in a genome independentmanner. Due to alternative
splicing events, out of the total transcripts assembled, 193,310 belong to genes.
Time points: This data set consist of 10 time points from 24 hours post fertilization to
3 months old adults. This set also includes female and male RNA-seq samples. There
are no biological replicates (Table A.2.2).
2. Expression Data
The PdumBase web interface displays the mean FPKM (fragments per kilobase per
million reads mapped) as the default measurement of gene expression. The FPKM for
each replicate was obtained by normalizing the total number of mappable reads with
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Table A.2.2: Late Stages included in data set. Time points are shown in hours post fertilization
(hpf), days (d) and months (M).
Time Description
24 (hpf) Early trochophore larvae
36 (hpf) Mid trochophore larvae
48 (hpf) Early metatrochophore larvae
72 (hpf) Early nectochaete larvae
4 d Mid nectochaete larvae
10 d Errant juvenile




Male Sexually mature adult
Female Sexually mature adult
the corresponding transcript length. A transcript or gene is considered as expressed if
its FPKM is ≥ 1. Furthermore, the FPKM for each stage was obtained by combining the
replicates into a single set.
The result search page displays the mean FPKM values as the default measurement
of gene expression (see Figure A.2.3). However, FPKM values from individual samples,
as well as the raw counts of each transcript can also be retrieved by clicking on the
”Expression data” tab after selecting a particular transcript of interest (Figure A.2.4).
For more information we refer the reader to the Tutorial Example Section.
3. Annotation
This section is concerned with describing the different annotations, how these were
sourced from external databases for convenient browsing and data exploration specific
to Platynereis dumerilii.
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Figure A.2.3: PdumBase Search result interface displays mean FPKM as measurement of ab-
solute expression
Uniprot Annotation
The PdumBase search results interface retrieves the Uniprot annotation data, display-
ing the Uniprot accession number, gene name, protein name, the species of annota-
tion origin, and the E-value (see Figure A.2.5). The annotation was performed using
BLASTP by aligning the transcripts with predicted open reading frames (ORF) against
non-redundant SwissProt databases. A total 31,806 transcripts (17,213 genes) retrieved
at least one hit using an E-value cutoff of 10−10. Among the annotated transcripts, 26%
aligned to human and 19% to mouse proteins.
Pfam Annotation
We also annotated for potential protein domains by aligning all transcripts against the
Pfam database. The Pfam annotation can be accessed in the database web interface by
selecting the option ”Show detailed annotation” on the search results page, or by click-
ing on the tab ”Annotation” after having selected a particular transcript from the result
interface (see Figure A.2.6).
Annotation was performed using HMMER. We were able to assign Pfam domains to




Figure A.2.4: PdumBase Expression data tab interface: (a) The upper frame displays mean
FPKM and raw counts data, from samples as a pool. (b) Lower frame displays expression data
from individual replicas.
Figure A.2.5: PdumBase Search results interface displays Uniprot annotation data on the right-
most panel. Annotation data includes accession number, gene name, protein name, species and
E-value. Clicking on the accession number will redirect to the UniProt page for that particular
protein.
more, out of the transcripts with domain annotations, 28,326 (15,690) were also present
in the Uniprot BLASTP annotation.
KEGG Pathways Annotation
Identifying the active biological pathways in early stages is crucial to decipher the
mechanisms involved in the diversification of embryonic cells. The Kyoto Encyclopedia




Figure A.2.6: PdumBase Search results interface. (a) The search result page allows to cus-
tomize the information displayed by checking one or more options from the left top corner. (b)
Selecting the option: ”Show detailed annotation” will show detailed gene ontology, KEGG Path-
ways and protein domain annotation.
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metabolism, genetic and cellular processing.
Our assembled transcripts were mapped to KEGG pathways. In total, 18,532 transcripts
(10,132 genes) are associated with the known KEGG pathways.
In our database, the KEEG annotation is accessible by selecting the option ”Show
detailed annotation” as seen in Figure A.2.6.
Gene Ontology Annotation
The assembled transcripts were also annotated with Gene ontology (GO) terms of ho-
mologous genes. A total of 30,287 transcripts (16,498 genes) could be associated with
at least one annotated GO term. The GO annotation shows high enrichment in the func-
tion associated with transcription and regulation activities in the biological process and
molecular functions. The GO terms related to cell differentiation such as “cell transduc-
tion”, “cell adhesion”, “cell division” and “cell cycle” are also enriched.
All annotation information for a given transcript is summarized and displayed in the
annotation tab interface (see Figure A.2.7 ).
It is worth pointing out that one important feature of our database is that the search
interface allows for the submission of searches by Keyword, Pfam, Gene Ontology, and
Kegg Pathway, making it possible to narrow down a request by a particular annotation
of interest.
4. Gene Expression Profiling
Our Platynereis dumerilii database: PdumBase, includes a detailed gene expression
profiling of the early developmental stages (2 to 14hpf). An expression profile can be
interpreted as the changes in the abundance of a transcript over time.
Plots depicting these fluctuations of transcript abundance (FPKM) are shown for each
transcript. Accessing this data is available via the option ”Show Plots” on the search
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Figure A.2.7: PdumBase Annotation tab interface. This tab is available once an entry from the
result page has been selected. It is accessible via result page→ clicking on a gene or transcript
of interest→ clicking on the Annotation tab
result page (Figure A.2.8), or by clicking on the transcript of interest and selecting the
tab labeled ”Plots” (Figure A.2.9).
For the purpose of the expression profiling analysis we filtered out low expression
transcripts. Among the assembled transcripts with predicted ORF, 18,940 transcripts
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Figure A.2.8: PdumBase Search result interface. Expression profile plots are displayed when
the option ”Show plots” is selected.
and 13,160 genes were found to be expressed in at least one of the 7 stages. After
clustering the genes according to their expression profile, we found a total of 15 distinct
clusters (see Figure A.2.10).
Clusters 1-4 show the obvious maternal signature with a total of 4,302 genes belong-
ing this group. The clusters 10-15 (5827 genes) correspond to the zygotic genes with
slightly different activation time points. The clusters 3 and 11 are the major maternal
and zygotic groups respectively showing slow decreased and increased expression pat-
terns. The 6th, 7th, and 8th cluster contain a set of genes whose RNAs were mainly
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expressed at 4, 6 and 8 hours and degraded after these stages. The 9th cluster is a less
dynamic group, showing stable expression throughout all stages.
Figure A.2.9: PdumBase Plot tab interface. Shows the expression profile plot for a given tran-
script.
Access to the cluster information is available by selecting the option ”Show other
info” on the result search page and then, for a selected transcript/gene, clicking on the
icon under ”Coexpression info”. The first tab of the new results page will display all the
genes in the same cluster, along with other expression data (see Figure A.2.11).
5. Coexpression Networks
A coexpression network is a correlation network that describes the pairwise correla-
tion patterns of expression data. When a set of genes are highly correlated, they may
share similar biological function or be involved in the same biological pathway. A coex-
pression network can also be used for identifying hub genes which have high connectiv-
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Figure A.2.10: Heat map of 13,160 expressed genes clustered into 15 groups according to the
time series patterns.
ity to other genes in a cluster. We used weighted correlation network analysis (WGCNA)
to analyze Platynereis dumerilii expression profiling data.
For this analysis, we included a total of 13,192 geneswhose FPKMwas≥ 1 for at least
one sample. Correlation values and topology overlap for the coexpression networks can
be found in the database on the Coexpression information interface. This page can be
reached from the search result interface by selecting the option ”Show other info” and
by clicking on the icon under the column ”Coexpression info” in the results table. The
Coexpression information interface is shown in Figure A.2.11.
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Figure A.2.11: PdumBase Coexpression information interface. Displays all the tran-
scripts/genes in the same cluster of a given component, shows protein name, correlation and
topology overlap.
6. Comparative Transcriptome Data
Ortholog Expression
With the aim of identifying conserved stages of development, we gathered publicly
available expression data from five species for which we then identified orthologs w.r.t.
Platynereis dumerilii (see Tables A.2.3 and A.2.4) and proceeded to establish global com-
parison expression profiles among the ortholog groups.
The ortholog expression data for a particular Platinereis dumerilii transcript, can be
found in our database by selecting the option ”Show other info” and by clicking on the
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icon under the column Ortholog Expressions for the specific transcript of interest. The
resulting interfacewill display the ID number and expression data for the orthologs found
for that transcript/gene in the other 5 species (see Figure A.2.12).
Figure A.2.12: PdumBase Ortholog expression profile interface. Displays the expression data
from the selected Platynereis dumerilii gene and the orthologs genes found in the other species
along with their expression and annotation data (when available).
Table A.2.3: Species and number of protein sequences for comparative analysis























Platynereis dumerilii 5635 5402 5051 5840 3654
Danio rerio 10784 10246 6731 4307
Xenopus tropicales 10284 6415 4140






We also identified orthologs genes for 18 selected species (Table A.2.5) using the
programOrthoMCL. This program runs all versus all Blastp queries among all the protein
sequences from these 18 species and selects the best reciprocal blast hits. Once the
orthologs genes were identified, phylogenetic trees were assembled using RaxMl.
To access the ortholog genes for a given Platynereis dumerilii transcript/gene, select
the option ”show other info”. If ortholog groups are found for that particular transcript, a
check-mark will appear under the field ”Ortholog groups”. Clicking on this icon will open
a new interface with four tabs: ”List”, ”Tree-ML”, ”Tree-Parsimony”, and Alignment (see
Figures A.2.13, A.2.14, and A.2.15 respectively).
Tutorial Example: Searching By Keyword
This section will show some of the Platynereis dumerilii web database features
through exemplary searches using the blast info search function.
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Table A.2.5: Species and number of genes used to find orthologs groups
Class Code Species Number of genes
Lophotrochozoa pdu Platynereis dumerilii 28,580
Lophotrochozoa cte Capitella teleta 32,415
Lophotrochozoa hro Helobdella robusta 23,423
Lophotrochozoa lgi Lottia gigantea 23,851
Lophotrochozoa cgi Crassostrea gigas 26,089
Ecdysozoa dpu Daphnia pulex 30,907
Ecdysozoa tca Tribolium castaneum 16,524
Ecdysozoa dme Drosophila melanogaster 13,937
Deuterostomia spu Strongylocentrotus purpuratus 20,759
Deuterostomia sko Saccoglossus kowalevskii 34,239
Deuterostomia bfo Branchiostoma floridae 50,817
Deuterostomia dre Danio rerio 26,459
Deuterostomia xtr Xenopus tropicalis 18,442
Deuterostomia hsa Homo sapiens 23,393
Prebilateria nve Nematostella vectensis 27,273
Prebilateria aqu Amphimedon queenslandica 29,883
Prebilateria tad Trichoplax adhaerens 11,520
Preanimalia mbr Monosiga brevicollis 9,196
Search
The search interface allows to submit searches under different criteria: By Keyword,
Pfam, SingalIP, TmHMM, EggNog, Gene Ontology, and KEEG Pathway (Figure A.2.16). By
searching under different or combined fields, the search can be customized according
to the user needs.
In addition, the search interface offers the option of selecting a sorting criteria to re-
trieve the results according to the expression values from any stage (0 to 14hpf) (Figure
A.2.17). This feature can be particularly convenient when searching with terms that
might result in a multitude of hits such as ”cell cycle” which retrieves more than 1000
genes, or ”membrane” with around 500 hits. Therefore, searching for general terms
might result in a request which could take more than 60 seconds to load. Please allow
time for those general searches to load.
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Figure A.2.13: PdumBase List tab interface under Ortholog groups. Shows the species list,
code, name, ortholog protein ID and contains links to access/download the protein and cDNA
sequences in Fasta format.
On the other hand, when searching for a particular gene name, for instance the tran-
scription factor FoxA2 in the field Blast Info, the most likely outcome will be one single
hit displaying the Platynereis dumerilii transcript/gene with that particular annotation.
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(a) (b)
Figure A.2.14: PdumBase Ortholog groups interface: (a) Phylogenetic tree among ortholog
genes displayed under Tree-ML tab (b) Phylogenetic tree displayed under Tree-Parsimony tab.
Both trees show the species code and the transcript/gene ID.
Figure A.2.15: PdumBase Alignment tab interface under Ortholog groups. Displays CLUSTAL
2.1 multiple sequence alignment.
Search Results
The resulting search results interface displays by default the transcript or gene model
ID, protein name, expression data as mean FPKM from early stages (0 to 14 hpf), ex-
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Figure A.2.16: PdumBase Search interface.
Figure A.2.17: PdumBase Search interface. Searching for FoxA2
pression data in inhibitor experiment, and annotation information (Figure A.2.18).
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In addition, the results interface allows to expand the results displayed by selecting
from the options on the left upper corner. The user can select one or more options ac-
cording to his/her particular research needs (see also Expanded search result options
Section).
Figure A.2.18: PdumBase Search result interface. shows Gene ID, expression data from early
stages and from inhibitor experiment, and annotation information. The data retrieve options are
found on the left upper corner.
Access to Detailed Information
Clicking on the gene model for FoxA2 ”comp221418_co” will give access to the de-
tailed data results interface. The detailed data result page has three tabs: Plot, Expres-
sion data and Annotation, from which different information can be accessed.
The Plot Tab
Clicking on the Plot tab will display expression profile data (FPKM values against
stages) for early and late states (Figure A.2.19).
The Expression Data Tab
The Expression data tab will show mean and individual sample FPKM values as well
as raw counts (Figure A.2.20).
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Figure A.2.19: PdumBase Plot tab from Detailed data results interface. Displaying expression
profile plots for FoxA2.
The Annotation Tab
Clicking the annotation tab will retrieve a summary of all annotation related informa-
tion including: Species from which the annotation was obtained, GO extended annota-
tion, KEEG pathways, EggNog, and Pfam domains (see figure A.2.21).
Expanded Search Result Options
The search result default data output can be expanded by selecting the options pro-
vided in the search results interface (Figure A.2.22).
Selecting ”Show plots”
Selecting the ”show plots” option will retrieve a visual representation of early and late





Figure A.2.20: PdumBase Expression data tab from Detailed data results interface. (a) Dis-
plays expression data (mean FPKM and raw counts) from pooled samples from early stages of
development. (d) show individual replicates expression data for early stages
Selecting ”Show later stages”
To display themean expression data (FPKM) from later stages of development (24hpf
to 3M) it is required to select the option ”show later stages” as shown in Figure A.2.24.
Selecting ”Show other info”
Clicking ”Show other info” provides access to additional data on comparative tran-
scriptomics (see Figure A.2.25):
• Ortholog Expressions - if available a green check-mark icon will be displayed.
• Ortholog groups - if available a green check-mark icon will be displayed.
• Coexpression info - if available a blue icon will be displayed.
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Figure A.2.21: PdumBase Annotation tab from Detailed data results interface. Displaying de-
tailed annotation information for FoxA2.
It is important tomention that the additional data is not available to all the genemodels
but only to those transcripts for which orthologs genes were identified. See Table A.2.4
for the estimated numbers of orthologs found.
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Figure A.2.22: PdumBase Search results interface checking the boxes from the search result
options on the left will expand the results displayed.
Figure A.2.23: PdumBase Search results interface with the option ”Show Plots” selected. Ex-
pression plots for both, early and late stages are shown for the gene under search: FoxA2.
Coexpression Link
Selecting the coexpression link gives access to data about the expression profiling
and coexpression. ”The same cluster tab” from this interface displays the Gene ID of all
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Figure A.2.24: PdumBase Search results interfacewith the option ”Show later stages” selected.
Here the later stages expression data from FOXA2 is displayed.
Figure A.2.25: PdumBase Search results interface ”Showother info” option selected. Additional
information links are displayed.
genes belonging to the cluster of the gene under search (see Figure A.2.26).
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Figure A.2.26: PdumBase Search results interface ”Show other info” option selected. The Co-
expression info link displays the list of genes clustered with the gene under study.
Orthologs Groups Link
Clicking the Orthologs groups link gives access to an interface with tree tabs: List,
Tree-ML and Tree-Parsimony. As mentioned in the section ”Comparative transcriptome
data”, 18 species were selected to assess the ortholog groups. The first tab shows the
list of species from which orthologs were found for the searched gene. This interface
also allows to download the protein and cDNA sequences of the orthologs in Fasta for-
mat (see Figure A.2.27).
The second and third tab under the Orthologs groups link will display phylogenetic
trees based on ML and parsimony analysis respectively. Figure A.2.28 shows the tree-
ML for the FoxA2 ortholog genes.
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Figure A.2.27: PdumBase Search results interface ”Show other info” option selected. The Or-
tholog groups link displays the list species where orthologs were found. For FoxA2, orthologs
were found in all of the 18 selected species.
Example Search for ”Homeobox genes”
This final example will show a sample search with multiple results, indicating the op-
tions that our web database offers to download the data in case further analysis is re-
quired.
Finding Homeobox Genes that are Highest Expressed at 8hpf
Searching for homeobox term in the blast field at the search interface will retrieve 114
hits. To find the highest expressed homeobox genes at 8 hpf, is is required to sort the
hits by expression values at 8 hpf in descending order (See Figure A.2.29).
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Figure A.2.28: PdumBase Search results interface ”Show other info” option selected. The Or-
tholog groups Tree-ML tab displays phylogenetic tree constructed with the ortholog protein se-
quences. Tree-ML for FoxA2 orthologs among the 18 species.
Downloading Results from Platynereis dumerilii Web Database
One important feature of our web database is that it allows to download the search
results in different formats. The search results can be downloaded in both, comma
separated value (CSV) format file and Excel file. Furthermore, the protein sequences
from the genes displayed in the results can be downloaded in Fasta format. Links to
download are found in the upper frame of the search result interface (see Figure ??).
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Figure A.2.29: PdumBase Search interface search required to Find homeobox genes that are
highest expressed at 8hpf.
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Figure A.2.30: PdumBase Search results interface. Here the result page is displaying the ten
top hits, sorted by expression level at 8 hpf. Links to download data are shown with a floppy disk
icon and are found in the upper frame.
Concluding Remarks
Given the here presented features and ease of use that our Platynereis dumerilii
database offers, we are confident that this work will provide a reliable resource to the






Figure B.1.1: Algorithmic pipeline to identify by sequence similarity P. dumerilii homologous to
known ciliary genes characterized in other species.
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Supplementary Figure B.1.2
Figure B.1.2: Pipeline to identify ciliogenesis candidate genes in P. dumerilii. Includes major
components for: 1) Differential expression analysis in hyperciliated larva obtained by β-catenin
induced cell fate transformation (major steps shown in blue. Number of transcripts included in
analysis are shown in the schematic on the left). 2) Information from well characterized known
ciliary genes in other species, and 3) co-expression analysis with expression data from normal
development (number in the box indicates the number of genes identified in P. dumerilii in each
category).
174
Supplementary Figure: Cover Art




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table B.2.2: P. dumeilii transcripts (370) with significant alignments to more than one gene
from the known ciliary gene set. For each P. dumerilii transcript with multiple matches, this table
includes all the known ciliary genes with significant alignment, the current local annotation in
PdumBase, the differential expression (DE) results (upregulated ↑, downregulated ↓, no signifi-
cant change of expression→, or not included in DE analysis). In addition, the following alignment
metrics from BlastP are shown: Percent identity, Evalue, and BitScore, as well as the Weighted
Score calculated taking into account all matches per transcript (see chapter Methods).
Cid Gene Name Local Annotation DE Info Percent Identity EValue BitScore Weighted Score
comp225202_c0
lpin2
LPIN2_HUMAN ↑ 44.485 1.4E-126 409.0 0.497




83.478 0.0 783.0 0.418
eef1a1 85.435 0.0 795.0 0.425
tacc1 95.862 2.78E-88 293.0 0.157
comp225450_c0
ogdh
ODO1_MACFA ↓ 66.129 0.0 1297.0 0.507
ogdhl 64.853 0.0 1261.0 0.493
comp216162_c0
lrrc34
CDK1_CARAU ↓ 82.011 1.14E-109 334.0 0.416




65.506 0.0 884.0 0.447
pck2 68.285 0.0 914.0 0.463




42.608 0.0 692.0 0.416
ttk 46.407 7.16E-83 286.0 0.172
inpp5b 41.786 0.0 685.0 0.412
comp211543_c0
ccno
CCNA_PATVU ↓ 31.658 7.44E-29 116.0 0.264
ccna1 53.169 2.35E-106 323.0 0.736
comp220075_c1
kif3b
KRP95_STRPU ↑ 70.943 0.0 736.0 0.543
kif3c 58.348 0.0 620.0 0.457
comp222438_c2
usp53
UBP54_MOUSE → 50.464 8.96E-106 337.0 0.754




96.84 0.0 912.0 0.130
tubb2b 97.291 0.0 916.0 0.130
tubb3 93.431 0.0 796.0 0.113
tubb4a 97.065 0.0 909.0 0.129
tubb4b 98.423 0.0 925.0 0.132
tubb 97.072 0.0 912.0 0.130
tubb6 92.774 0.0 819.0 0.117




44.869 1.31E-128 425.0 0.340
tmbim1 37.71 4.46E-122 411.0 0.329
tsga10 37.172 2.67E-124 414.0 0.331
comp225514_c0
elovl2
ELOV4_MACMU ↑ 44.04 1.14E-79 244.0 0.429
elovl4 55.333 3.53E-111 325.0 0.571
comp225194_c1
akap9
PCNT_HUMAN ↑ 27.429 5.98E-62 238.0 0.482
pcnt 28.372 1.78E-67 256.0 0.518
comp224260_c1
pkp2
CTND2_HUMAN ↓ 32.231 1.06E-68 245.0 0.317




30.275 1.15E-45 162.0 0.315
sstr5 35.946 1.05E-71 228.0 0.444




55.12 0.0 690.0 0.311
cnga4 51.562 0.0 545.0 0.246
cngb1 35.0 1.44E-94 320.0 0.144




67.672 8.53E-98 325.0 0.281
ssx2ip 67.5 1.22E-89 288.0 0.249
flot1 64.508 0.0 544.0 0.470
comp218378_c1
tmem216
PSMD2_BOVIN ↓ 60.082 6.54E-85 272.0 0.169




62.069 2.47E-89 283.0 0.204
meis2 55.992 8.78E-153 444.0 0.321
meis1 56.522 5.29E-152 441.0 0.319
fosb 66.463 1.0E-63 216.0 0.156
comp224244_c0
bbip1
DCTN1_HUMAN ↑ 58.667 1.51E-29 113.0 0.102




33.945 1.91E-40 140.0 0.199
ivns1abp 30.1 1.45E-84 277.0 0.395
klhl25 32.321 3.27E-88 285.0 0.406
comp223047_c6
lrrd1
LRRD1_HUMAN ↑ 32.138 1.64E-93 310.0 0.611
lrriq4 31.198 1.27E-54 197.0 0.389
comp215232_c0
gzf1
PRDM9_MOUSE → 45.089 2.63E-65 216.0 0.481
znf577 48.498 5.54E-74 233.0 0.519
comp223126_c0
ttc37
TTC37_XENLA → 36.376 0.0 765.0 0.736
fam195b 32.234 5.25E-76 274.0 0.264
comp224049_c2
plcb4
PLCB4_HUMAN ↑ 62.71 0.0 1516.0 0.672
plcb3 37.627 0.0 739.0 0.328
comp224091_c0
unc119b
U119B_DANRE ↑ 68.5 9.47E-98 286.0 0.517
unc119 65.263 1.1E-90 267.0 0.483
comp223150_c0
znf593
ZN593_XENTR → 41.406 2.07E-29 105.0 0.081
dennd5b 49.047 0.0 1196.0 0.919
comp218557_c0
rab3c
RAB3_DROME ↓ 78.539 4.66E-128 361.0 0.504
rab3a 76.256 4.2E-126 355.0 0.496
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55.897 1.54E-61 213.0 0.270
ppa2 50.0 6.06E-112 330.0 0.418




27.66 3.67E-8 50.8 0.012
ptprd 55.14 0.0 2040.0 0.501
ptprs 54.474 0.0 1985.0 0.487
comp218533_c0
trim65
CPNE3_HUMAN → 57.576 9.81E-15 75.9 0.117
cpne2 53.259 0.0 573.0 0.883
comp221738_c2
plk4
PLK2_RAT ↓ 44.048 2.15E-67 239.0 0.309
plk3 42.925 0.0 534.0 0.691
comp220044_c0
fignl1
FIGL1_HUMAN ↓ 68.5 0.0 536.0 0.572




73.401 2.98E-158 484.0 0.334
cdkl5 73.401 8.15E-158 488.0 0.337




35.774 6.42E-65 221.0 0.349
cdc25c 39.649 8.55E-54 197.0 0.311
cdc25b 35.849 2.04E-62 216.0 0.341
comp216517_c0
ddx59
TBA2_PATVU ↑ 84.571 2.51E-96 286.0 0.460
dcun1d5 88.083 5.45E-116 336.0 0.540
comp225793_c1
acyp1
SAE2_XENTR ↓ 62.63 3.57E-126 375.0 0.326
uba2 60.772 0.0 775.0 0.674
comp225930_c0
fam179b
F179B_MOUSE ↑ 42.264 1.19E-104 371.0 0.570
fam179a 33.396 1.13E-77 280.0 0.430
comp213518_c3
anapc10
APC10_HUMAN ↓ 66.286 3.79E-87 260.0 0.518
phospho2 71.812 1.51E-77 242.0 0.482
comp215635_c1
rsph4a
RSH4A_HUMAN ↑ 67.633 9.74E-85 268.0 0.518
rsph6a 64.904 2.5E-77 249.0 0.482
comp218102_c0
ift43
ODO2_BOVIN → 52.091 3.71E-58 197.0 0.325




65.333 0.0 716.0 0.463
nubp2 64.523 0.0 649.0 0.420




68.603 0.0 827.0 0.594
adarb1 49.883 1.08E-120 367.0 0.264




32.812 1.8E-44 166.0 0.182
fgfr1 45.527 0.0 608.0 0.668
ppargc1a 47.143 1.87E-32 136.0 0.149
comp225504_c1
lrrc46
TATD1_XENLA → 67.059 8.07E-34 122.0 0.249




73.369 0.0 7181.0 0.958
saxo2, fam154b 69.298 9.2E-96 316.0 0.042
comp205476_c0
mxi1
MXI1_RAT ↑ 46.154 1.62E-48 158.0 0.506




98.0 1.25E-103 301.0 0.334
calm1 98.0 4.51E-104 294.0 0.326
calm2 97.987 7.1E-106 306.0 0.340
comp225070_c0
glrx2
GLRX2_MOUSE ↓ 52.128 7.0E-34 117.0 0.109
tbc1d9 54.292 0.0 954.0 0.891
comp222070_c4
rab29
TBC12_MOUSE ↑ 55.446 8.52E-72 241.0 0.306




73.333 1.07E-148 417.0 0.291
mst1 74.429 1.47E-111 347.0 0.242
asb8 75.49 2.16E-109 335.0 0.234
alcam 76.238 6.39E-108 332.0 0.232
comp215825_c0
cops5
CSN5_DANRE ↓ 85.538 0.0 603.0 0.661
slc22a23 88.05 5.1E-99 309.0 0.339
comp224142_c1
ak1
KAD1_CHICK ↑ 63.776 5.14E-91 266.0 0.548
ak5 31.787 4.75E-62 219.0 0.452
comp223032_c1
dpysl2
DPYS_RAT → 55.398 0.0 667.0 0.505
crmp1 52.659 0.0 655.0 0.495
comp217357_c0
yes1
FYN_XIPHE ↓ 62.556 0.0 592.0 0.503
src 62.138 0.0 584.0 0.497
comp205339_c1
sesn3
SESN1_XENLA → 53.617 2.84E-161 477.0 0.470
sesn1 50.633 0.0 537.0 0.530
comp220480_c1
ccdc153
CC153_RAT ↑ 27.841 8.53E-22 89.0 0.662
prr18 32.039 4.34E-5 45.4 0.338
comp213251_c0
rhoa
RHO1_DROME ↓ 93.37 3.81E-126 354.0 0.639




75.885 0.0 722.0 0.443
mmp23b 74.38 2.45E-52 183.0 0.112




71.569 2.65E-42 167.0 0.054
ift122 68.377 0.0 1746.0 0.567
nme7 62.252 0.0 589.0 0.191
hnrpdl 64.846 2.24E-125 400.0 0.130
snrpg 55.0 3.89E-52 179.0 0.058
comp198929_c1
mak
MAK_HUMAN ↑ 44.7 8.76E-166 494.0 0.509
ick 69.255 2.49E-162 477.0 0.491
comp222921_c1
tmem107
T11L1_HUMAN ↑ 46.988 2.36E-18 85.1 0.218
tcp11l2 38.022 9.0E-98 306.0 0.782
comp219969_c0
stx3
STX_APLCA → 61.111 2.57E-101 298.0 0.718




42.13 5.04E-54 172.0 0.104
efhb 41.623 4.86E-152 453.0 0.274
rab5c 85.253 7.1E-134 379.0 0.229
klhdc9 45.238 4.8E-88 293.0 0.177
pih1d2 41.637 9.89E-62 213.0 0.129
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prr11 93.243 1.66E-38 142.0 0.086
comp224054_c0
magi1
MAGI2_RAT → 42.084 2.35E-163 531.0 0.522




57.209 5.47E-162 491.0 0.411
nek5 59.864 3.35E-127 384.0 0.321
nek3 52.143 5.57E-105 320.0 0.268
comp224627_c0
ribc1
GLYG_RAT → 58.077 9.93E-106 323.0 0.879
ccdc160 28.571 8.67E-5 44.3 0.121
comp222032_c2
fbxo36
FBX36_MOUSE ↓ 44.809 9.43E-46 153.0 0.152
frem3 32.338 0.0 856.0 0.848
comp226133_c0
fbxw10
FBW10_HUMAN ↑ 33.855 2.73E-127 418.0 0.650
frmpd2 33.136 4.18E-59 225.0 0.350
comp223570_c1
sema5b
SEM5A_RAT ↓ 42.029 0.0 653.0 0.500
ric8b 42.029 0.0 654.0 0.500
comp224199_c0
bbs4
BBS4_HUMAN ↑ 66.9 0.0 600.0 0.598
gyg1 66.786 3.94E-136 404.0 0.402
comp221005_c1
sod1
SODC_DROVI ↓ 65.132 2.03E-61 186.0 0.657




59.524 5.09E-56 199.0 0.097
ssbp2 53.093 6.92E-76 240.0 0.117
dlg1 60.59 0.0 1054.0 0.512
dlg4 50.955 0.0 565.0 0.275
comp222146_c0
agbl2
CBPC2_DANRE → 49.415 1.66E-141 454.0 0.499
agbl3 49.77 7.71E-146 456.0 0.501
comp222237_c0
spry2
SPY2_MOUSE ↓ 38.525 6.08E-17 80.9 0.551
spry1 36.082 7.24E-12 65.9 0.449
comp220257_c1
mcrs1
MCRS1_HUMAN ↓ 65.789 0.0 544.0 0.795
tex26 57.639 5.96E-38 140.0 0.205
comp220813_c0
flna
FLNA_MOUSE ↑ 54.415 0.0 1301.0 0.572




37.013 2.98E-65 208.0 0.298
ccdc42 44.04 7.93E-73 228.0 0.327
nipsnap1 52.033 5.42E-87 262.0 0.375
comp224720_c2
kif19
KIF19_XENLA ↑ 47.306 0.0 745.0 0.536
rpl17 52.713 0.0 646.0 0.464
comp224090_c0
clic3
STRUM_HUMAN → 80.0 2.56E-88 301.0 0.152
kiaa0196 67.845 0.0 1681.0 0.848
comp225916_c0
sclt1
SCLT1_HUMAN → 31.571 1.04E-86 287.0 0.394
ccdc22 39.137 9.46E-147 441.0 0.606
comp221455_c0
rab11a
RB11B_DIPOM ↓ 84.793 6.11E-133 372.0 0.500
rab11b 86.047 1.36E-132 372.0 0.500
comp218356_c0
gpbar1
NUDT9_HUMAN ↑ 54.589 2.12E-72 235.0 0.414




46.4 2.57E-101 305.0 0.093
dap 65.217 1.59E-99 335.0 0.102
smc1b 47.753 0.0 1134.0 0.345




45.299 1.94E-58 220.0 0.081
ush1c 27.917 4.31E-18 90.5 0.033
c6orf165,
rp3-382i10.7
56.688 0.0 740.0 0.272
c6orf165, cfap206 56.688 0.0 739.0 0.271
tapt1 54.649 0.0 568.0 0.208




50.303 3.14E-47 179.0 0.252
gli3 48.214 2.49E-46 177.0 0.249




78.986 7.83E-76 240.0 0.246
hnf1b 77.439 4.04E-90 281.0 0.289
fam228b 70.536 9.78E-55 171.0 0.176
lrrc69 77.439 2.36E-93 282.0 0.290
comp224798_c0
poc1a
POC1A_XENTR ↑ 75.0 1.92E-179 505.0 0.534




77.326 1.29E-85 290.0 0.118
ngfr 68.595 1.96E-49 182.0 0.074
rfx3 67.14 0.0 674.0 0.275
rfx2 51.433 0.0 652.0 0.266




59.574 6.5E-40 128.0 0.522
dynlrb1 52.128 1.52E-35 117.0 0.478
comp223439_c0
myb
TUT7_HUMAN → 58.073 7.8E-135 453.0 0.474




50.879 0.0 1239.0 0.581
ltbp1 34.701 3.77E-150 490.0 0.230
ltbp2 32.722 6.77E-117 403.0 0.189
comp225965_c0
kiaa1009, cep162
QN1_MOUSE ↑ 33.936 1.76E-136 454.0 0.870




94.709 0.0 754.0 0.112
actc1 94.974 0.0 753.0 0.112
actg1 97.6 0.0 775.0 0.115
actg2 94.43 0.0 754.0 0.112
actbl2 90.716 0.0 732.0 0.109
acta1 94.444 0.0 753.0 0.112
actb 98.667 0.0 775.0 0.115
cep170 91.057 2.21E-78 254.0 0.038
ube2e3 93.6 2.28E-175 492.0 0.073
elmod1 99.02 8.73E-66 228.0 0.034




35.63 3.41E-95 300.0 0.396
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c8orf34 48.372 8.63E-53 185.0 0.244




86.648 0.0 620.0 0.266
prkacb 86.364 0.0 619.0 0.266
ccdc150 86.275 1.51E-128 375.0 0.161
ccdc148 82.323 1.27E-120 348.0 0.149
cdh18 83.732 3.88E-121 369.0 0.158
comp225021_c1
cfap46, ttc40
TTC40_HUMAN ↑ 33.735 0.0 1360.0 0.842




81.18 0.0 606.0 0.327
gnai3 81.127 0.0 616.0 0.332
gnai1 83.944 0.0 631.0 0.341
comp226046_c0
ccdc30
SPTCB_DROME ↓ 74.444 1.47E-39 152.0 0.064
sptbn2 52.044 0.0 2236.0 0.936
comp212287_c5
b9d1
ACT2_CAEEL ↑ 92.614 4.08E-112 342.0 0.564
ofcc1 81.41 5.17E-80 264.0 0.436
comp222751_c0
fam149a
AP3B2_HUMAN ↑ 86.869 2.76E-109 355.0 0.266
ap3b2 74.143 0.0 982.0 0.734
comp223690_c0
abcc3
MRP1_CHICK → 51.054 0.0 1551.0 0.487
abcc1 52.375 0.0 1637.0 0.513
comp225832_c0
eml6
EMAL6_HUMAN ↑ 62.682 0.0 2203.0 0.511
eml5 59.456 0.0 2108.0 0.489
comp218451_c1
ac002472.13, lrrc74b
CN16B_RAT → 40.606 3.11E-77 253.0 0.476




94.565 7.16E-61 182.0 0.167
hist1h2bc 94.565 6.78E-61 182.0 0.167
hist1h2bj 94.565 1.35E-60 181.0 0.166
hist2h2be 95.652 4.56E-61 182.0 0.167
hist1h2bh 94.565 1.28E-60 182.0 0.167
hist1h2bb 95.652 5.21E-61 182.0 0.167
comp226244_c0
cfap54
CL055_HUMAN ↑ 38.517 0.0 786.0 0.676
slc25a29 38.5 9.29E-113 376.0 0.324
comp223601_c2
arl3
ARL3_XENLA ↑ 80.874 1.14E-91 265.0 0.812




96.403 0.0 851.0 0.100
tuba1c 96.154 0.0 843.0 0.099
tuba4a 93.961 0.0 794.0 0.094
tuba1b 95.923 0.0 816.0 0.096
tuba3c 96.875 0.0 851.0 0.100
tuba3d 96.875 0.0 848.0 0.100
tuba3e 95.433 0.0 804.0 0.095
tuba8 92.857 0.0 765.0 0.090
cdc20b 95.536 3.81E-150 427.0 0.050
elovl6 93.687 0.0 760.0 0.090
kank3 96.575 4.88E-98 310.0 0.037
popdc2 81.746 1.39E-147 419.0 0.049
comp218142_c0
rps3
RS3_PIG → 88.933 2.01E-155 459.0 0.684
cep44 95.146 4.75E-62 212.0 0.316
comp225643_c0
arl6
ARL6_MOUSE → 63.043 1.98E-91 266.0 0.787
gbp6 24.737 8.12E-13 72.0 0.213
comp222216_c0
mlf1
TAD2B_XENLA → 50.0 5.25E-41 149.0 0.338




49.024 1.01E-138 418.0 0.503
kcnc4 48.517 1.88E-130 413.0 0.497
comp217181_c1
wdr54
WDR54_MOUSE → 38.166 7.44E-79 244.0 0.680
stab1 36.842 9.25E-28 115.0 0.320
comp224783_c0
exoc6
EXC6B_HUMAN → 53.752 0.0 897.0 0.485
exoc6b 56.953 0.0 952.0 0.515
comp225307_c0
ptk7
PTK7_CHICK ↓ 36.731 0.0 683.0 0.938
fbrs 28.311 3.31E-4 45.4 0.062
comp217334_c0
tnfaip8l2
TFIP8_BOVIN → 42.246 7.09E-51 162.0 0.466
tnfaip8l3 45.161 1.11E-59 186.0 0.534
comp222626_c0
rpgrip1
RBL2_HUMAN ↓ 52.389 0.0 621.0 0.393
rbl2 48.297 0.0 960.0 0.607
comp217004_c1
celf5
CEL3A_XENLA ↓ 57.398 3.47E-132 388.0 0.497
celf3 57.037 1.7E-134 393.0 0.503
comp225810_c0
rasgrp4
GRP3_HUMAN ↑ 40.541 5.42E-139 434.0 0.479
rasgrp2 42.334 6.89E-156 472.0 0.521
comp224855_c2
sema4d
SEM1A_SCHAM ↓ 32.996 2.09E-66 241.0 0.411




55.102 6.55E-75 255.0 0.280
prr5 55.963 4.4E-76 259.0 0.285




59.016 4.04E-94 302.0 0.187
pfkp 61.619 0.0 975.0 0.605




46.881 6.34E-146 437.0 0.574
proser3 39.908 3.43E-24 106.0 0.139
slc19a1 63.253 3.68E-64 218.0 0.286
comp225327_c0
cfap70, ttc18
TTC18_HUMAN ↑ 41.74 0.0 825.0 0.597
wdr92 73.521 0.0 556.0 0.403
comp225767_c0
fhad1
FHAD1_MOUSE ↑ 29.123 6.31E-60 227.0 0.749
ccdc27 23.762 8.18E-14 75.9 0.251
comp212818_c0
tppp2
RSSA_XENLA → 72.587 1.94E-119 348.0 0.492
rpsa 66.238 2.98E-125 360.0 0.508
comp214782_c7
elmod3
ELMD3_BOVIN ↑ 51.111 1.46E-84 278.0 0.825
elmod2 28.571 2.22E-9 58.9 0.175
comp224645_c0
ttc21b
TT21B_HUMAN → 56.031 0.0 1566.0 0.553
ttc21a 47.852 0.0 1264.0 0.447
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IMA3_MOUSE ↑ 68.367 2.05E-81 263.0 0.250
kpna4 75.586 0.0 788.0 0.750
comp224506_c0
cep112
CE112_HUMAN ↑ 42.694 0.0 700.0 0.632
nrg1 42.461 5.42E-127 408.0 0.368
comp220641_c3
pax2
PAX2A_DANRE ↓ 63.514 6.62E-82 263.0 0.510
pax8 63.592 1.53E-77 253.0 0.490
comp224497_c1
card11
ITSN1_MOUSE ↓ 40.86 4.35E-31 134.0 0.127
itsn2 47.709 0.0 925.0 0.873
comp203998_c0
ran
RAN_CHICK ↓ 89.45 3.62E-146 407.0 0.513
spg20 90.769 5.19E-127 386.0 0.487
comp225399_c0
adra2a
5HT1R_DROME ↓ 33.661 2.24E-65 218.0 0.493




28.008 1.25E-106 382.0 0.109
crocc 42.93 0.0 1334.0 0.381
adam22 38.954 1.77E-123 434.0 0.124
ac104809.3 32.619 1.21E-163 547.0 0.156
recql 41.195 0.0 802.0 0.229
comp214879_c0
dynll2
NA ↑ 35.404 9.54E-16 77.4 0.151
cfap99 38.168 6.61E-144 434.0 0.849
comp223883_c0
cep131, azi1
AZI1_HUMAN → 35.944 0.0 572.0 0.749
fam83a 47.111 1.85E-50 192.0 0.251
comp224096_c0
slc2a10
MYCT_HUMAN → 29.891 5.27E-54 194.0 0.236
slc2a13 55.801 0.0 629.0 0.764
comp208958_c0
ift27
IFT27_HUMAN ↑ 50.27 1.55E-65 205.0 0.569
rbbp8 50.746 4.8E-43 155.0 0.431
comp221265_c0
sun2
ACK1_MOUSE → 68.86 6.25E-101 348.0 0.353
tnk2 61.477 0.0 638.0 0.647
comp213941_c1
bbs10
TCPE_RAT ↑ 19.676 2.05E-9 61.2 0.067




52.778 6.49E-101 309.0 0.504




84.861 2.51E-162 468.0 0.340
gnb2 85.924 0.0 628.0 0.456
ybey 86.184 1.72E-94 282.0 0.205
comp224941_c0
lrrc36
RBGP1_MOUSE ↑ 62.5 1.59E-32 123.0 0.139
rabgap1l 50.495 0.0 764.0 0.861
comp223044_c0
fam58a
FA58B_MOUSE → 50.215 3.15E-84 252.0 0.710




32.94 0.0 811.0 0.390
fdps 34.228 1.61E-102 352.0 0.169




63.324 0.0 1819.0 0.158
abracl 62.677 0.0 1387.0 0.120
ak9, akd1 63.674 0.0 1870.0 0.162
ank3 60.596 0.0 1895.0 0.164
ank2 59.841 0.0 1925.0 0.167
ccdc24 53.886 2.38E-61 219.0 0.019
ncam1 63.081 0.0 1524.0 0.132
il17re 77.037 6.17E-59 221.0 0.019
cpsf7 73.783 1.89E-123 408.0 0.035
pygo2 69.0 9.04E-40 157.0 0.014
asb7 33.891 3.75E-29 118.0 0.010
comp217035_c1
tfap2a
AP2E_XENLA ↓ 54.042 1.3E-120 358.0 0.706




31.298 8.86E-99 326.0 0.399
leprel4 26.933 3.85E-44 166.0 0.203
leprel2 32.682 2.45E-98 325.0 0.398
comp225816_c1
wars
SYWC_BOVIN ↓ 69.479 0.0 608.0 0.687
paqr3 61.86 3.59E-87 277.0 0.313
comp225815_c0
evc
TRIPB_HUMAN ↓ 46.667 2.16E-5 48.5 0.111
trip11 31.919 6.85E-109 388.0 0.889
comp219526_c0
c11orf49
PP2BA_RAT → 86.897 7.91E-90 282.0 0.247
ppp3ca 82.881 0.0 860.0 0.753
comp215393_c0
plekha6
CERS6_MOUSE ↑ 36.471 3.58E-32 130.0 0.314
cers3 39.211 7.87E-93 284.0 0.686
comp218345_c0
kiaa0664
CLU_AEDAE → 70.995 0.0 924.0 0.498
rreb1 66.616 0.0 932.0 0.502
comp223470_c0
pfkfb3
F26_LITCT → 62.529 0.0 577.0 0.504




43.413 6.02E-93 302.0 0.177
acsl6 47.801 0.0 696.0 0.408




35.424 3.01E-40 157.0 0.115
slc44a2 43.448 0.0 580.0 0.426
slc44a4 45.205 0.0 625.0 0.459
comp221299_c3
aurka
AURKB_BOVIN ↓ 67.0 5.86E-152 432.0 0.880
fam174a 30.323 9.5E-11 58.9 0.120
comp214110_c0
gmpr
GMPR2_HUMAN ↓ 71.884 0.0 540.0 0.487
gmpr2 75.942 0.0 569.0 0.513
comp225858_c0
kiaa2012, ac079354.1
FGD6_MOUSE ↑ 49.805 8.08E-69 260.0 0.362




71.875 1.1E-152 440.0 0.311
kiaa0586 62.36 1.56E-70 238.0 0.168
ap4e1 76.048 2.32E-90 286.0 0.202
gnpda1 77.528 4.73E-162 452.0 0.319
comp219546_c0
akap14
AKA14_RAT ↑ 34.646 5.0E-24 94.4 0.245
adck4 52.778 9.94E-96 291.0 0.755
comp216433_c2
bbs5
BBS5_MOUSE → 78.042 0.0 567.0 0.521
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rp11-724o16.1, bbs5 76.803 0.0 521.0 0.479
comp217993_c0
spata7
AGM1_HUMAN ↓ 58.865 1.77E-48 164.0 0.564
ttc22 69.412 7.01E-35 127.0 0.436
comp225340_c0
arhgdia
PSA_MOUSE → 60.819 2.2E-63 226.0 0.165




81.25 7.25E-92 284.0 0.200
pgd 74.486 0.0 771.0 0.543




46.279 6.73E-143 416.0 0.322
ppp2ca 92.557 0.0 613.0 0.474
aplp1 79.195 8.58E-80 263.0 0.204
comp223433_c1
scnn1g
ASIC5_MOUSE ↑ 27.301 3.32E-40 155.0 0.470
asic3 26.923 1.19E-47 175.0 0.530
comp164374_c0
fank1
FANK1_HUMAN ↑ 49.851 1.27E-116 342.0 0.753




31.469 8.8E-13 70.9 0.090
ccdc92 34.877 5.54E-62 216.0 0.276
slc43a2 25.501 5.56E-47 173.0 0.221
slc43a3 35.674 1.12E-104 324.0 0.413
comp221707_c0
shank2
SHAN3_HUMAN ↑ 54.521 2.2E-120 423.0 0.485
shank3 53.96 1.14E-130 450.0 0.515
comp223740_c0
tsc22d1
CYTSA_CHICK ↓ 34.67 4.67E-52 197.0 0.336




49.77 3.77E-130 420.0 0.120
scn5a 44.356 0.0 1517.0 0.435




39.542 4.25E-77 253.0 0.505
aftph 38.17 7.62E-71 248.0 0.495
comp221071_c0
lmcd1
FHL2_HUMAN ↓ 30.973 1.05E-43 160.0 0.343




73.333 3.42E-143 412.0 0.281
adh5 74.865 0.0 591.0 0.403
adh1b 58.713 1.15E-163 464.0 0.316
comp225823_c0
gab3
PKHA7_DANRE ↑ 28.814 8.64E-9 59.3 0.232
irs2 37.809 1.52E-50 196.0 0.768
comp225554_c1
efcab7
EFCB7_XENLA ↑ 36.313 1.55E-73 240.0 0.627




35.714 3.35E-52 201.0 0.381
trappc1 57.343 4.22E-68 203.0 0.385
znrf1 65.789 4.18E-36 123.0 0.233
comp221295_c0
fam161a
F161B_HUMAN ↑ 32.343 3.31E-39 149.0 0.512




57.245 0.0 592.0 0.515
cacnb1 65.158 0.0 558.0 0.485
comp213064_c0
ropn1l
ROP1L_XENLA ↑ 52.093 8.26E-77 231.0 0.561




48.463 2.87E-111 347.0 0.335
wee1 49.901 6.96E-157 465.0 0.449




42.131 0.0 598.0 0.175
lrp1b 37.69 0.0 2816.0 0.825
comp210310_c1
prdx4
PRDX4_MOUSE ↓ 80.176 2.06E-136 385.0 0.587
palld 70.225 6.89E-83 271.0 0.413
comp224661_c0
kdm5b
KDM5A_HUMAN ↑ 54.671 0.0 1150.0 0.547
syf2 49.842 0.0 951.0 0.453
comp225041_c0
odf2
ODFP2_CHICK ↑ 38.747 0.0 548.0 0.763
odf2l 27.85 2.56E-43 170.0 0.237
comp214179_c4
nphp3
NPHP3_XENTR → 38.114 0.0 646.0 0.827
dupd1 44.375 1.54E-39 135.0 0.173
comp225122_c1
usp21
UBP2_CHICK ↑ 45.125 1.15E-103 327.0 0.439




37.882 2.67E-86 290.0 0.510
pdgfra 36.325 1.32E-81 279.0 0.490
comp210608_c4
pkd1
PK1L1_HUMAN → 25.168 1.32E-67 257.0 0.390
pkd1l1 25.311 3.33E-112 402.0 0.610
comp223984_c0
syt10
SYT7_HUMAN ↓ 45.545 3.06E-84 268.0 0.240




80.0 2.48E-66 224.0 0.116
vcp 87.944 0.0 1400.0 0.724
cidec 81.818 3.51E-98 309.0 0.160
comp213122_c7
alms1
HERC1_HUMAN → 49.425 3.57E-19 97.4 0.222
gstz1 55.519 6.93E-98 342.0 0.778
comp224835_c1
rbm26
RBM26_XENLA → 37.759 8.86E-67 244.0 0.391
plscr1 78.319 2.65E-130 380.0 0.609
comp225531_c0
hspg2
PGBM_HUMAN ↑ 31.24 0.0 922.0 0.888




66.822 3.5E-106 308.0 0.337
prdx1 71.795 3.73E-106 305.0 0.334
prdx2 71.649 1.78E-104 301.0 0.329
comp223964_c0
sfi1
SFI1_HUMAN ↑ 27.789 1.68E-100 350.0 0.801
rnf224 37.956 1.26E-18 87.0 0.199
comp215054_c0
grk6
GRK5_MOUSE → 67.347 0.0 705.0 0.883




42.612 0.0 1447.0 0.900
hhla2 26.641 3.58E-5 46.6 0.029




40.359 0.0 1325.0 0.474
plxnb3 33.552 0.0 1035.0 0.371
plxnc1 35.58 2.79E-125 433.0 0.155
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comp220339_c0
gsn
VILI_CHICK ↓ 41.224 0.0 545.0 0.465




50.814 1.04E-100 320.0 0.212
xpnpep1 56.27 0.0 743.0 0.493




55.385 0.0 688.0 0.343
ctd-3074o7.11 55.214 0.0 687.0 0.343
mdh1 67.062 4.17E-161 454.0 0.226
eif2ak2 60.667 2.39E-49 176.0 0.088
comp221486_c2
mep1b
APBB2_HUMAN ↓ 43.35 8.06E-39 155.0 0.318
apbb2 40.162 1.5E-103 333.0 0.682
comp226167_c0
pcdh15
FAT_DROME ↓ 28.165 1.63E-100 363.0 0.113




41.265 3.33E-77 247.0 0.247
drd5 37.795 1.14E-70 231.0 0.231
htr6 36.686 2.95E-67 221.0 0.221
lpar3 23.442 1.35E-15 79.7 0.080
s1pr2 24.756 1.77E-12 69.3 0.069




32.667 7.25E-4 41.6 0.365
synm 30.11 2.03E-12 72.4 0.635
comp225937_c1
wdr93
WDR93_HUMAN ↑ 24.006 3.37E-52 193.0 0.603
pex11a 31.25 1.59E-35 127.0 0.397
comp214048_c0
iqcg
2AAA_PIG ↓ 57.326 1.15E-145 442.0 0.344




51.542 4.54E-173 497.0 0.287
katnb1 46.418 0.0 627.0 0.362
tmem218 64.767 1.43E-91 292.0 0.168
hsd17b12 67.647 8.79E-97 318.0 0.183
comp224286_c0
arntl
BMAL1_CHICK ↑ 54.669 0.0 587.0 0.553




70.406 0.0 593.0 0.628
wdr38 76.821 1.9E-83 265.0 0.281
pdlim2 64.286 9.5E-18 85.9 0.091
comp214157_c0
gsk3b
GSK3B_SPECI ↑ 82.474 0.0 670.0 0.521




39.228 5.6E-68 222.0 0.542
ffar2 24.54 3.38E-12 67.4 0.165
ccr6 27.645 1.84E-29 120.0 0.293
comp223500_c1
frmd4a
FRM4A_HUMAN → 59.778 0.0 565.0 0.499




36.585 1.8E-12 65.9 0.050
elmo3 41.057 0.0 581.0 0.438
elmo1 48.862 0.0 680.0 0.512
comp223001_c1
ube2u
S2611_HUMAN ↓ 49.289 1.54E-58 213.0 0.322




47.17 9.65E-62 214.0 0.351
rassf8 52.663 7.09E-39 149.0 0.245
khdrbs3 50.0 1.73E-78 246.0 0.404
comp218209_c4
ptpn6
PTN11_RAT → 53.382 0.0 597.0 0.773
myl6 60.938 3.28E-50 175.0 0.227
comp220788_c1
fam49b
FA49B_MOUSE ↑ 61.538 2.11E-140 401.0 0.680




46.735 1.73E-87 264.0 0.342
rita1, c12orf52 54.167 3.06E-32 125.0 0.162
hesx1 40.0 8.12E-58 191.0 0.247
sybu 40.0 5.24E-55 193.0 0.250
comp224526_c0
ttc8
TTC8_MOUSE ↑ 70.717 0.0 796.0 0.671
fam190a 72.803 6.87E-129 391.0 0.329
comp214648_c0
ccpg1
AMYP_PIG ↓ 63.291 2.61E-27 115.0 0.184
amy2b 54.326 1.59E-178 511.0 0.816
comp224599_c1
shroom3
SHRM4_HUMAN ↑ 29.775 2.39E-16 86.7 0.558




49.598 1.52E-99 340.0 0.267
lsm5 46.058 2.07E-47 184.0 0.145




41.656 0.0 627.0 0.145
myo7a 64.14 0.0 2760.0 0.640
myo5c 39.93 2.2E-176 586.0 0.136
myo15b 30.728 2.92E-95 342.0 0.079
comp216629_c1
gnas
GNAS_LYMST → 78.684 0.0 637.0 0.744




61.212 4.26E-68 224.0 0.212
tbcel 54.941 7.95E-79 257.0 0.244




86.066 4.18E-74 233.0 0.152
hpcal1 87.958 1.52E-124 360.0 0.235
gadd45a 85.841 3.47E-67 216.0 0.141
ncald 86.243 9.42E-124 350.0 0.229
trim35 82.278 7.92E-44 151.0 0.099
tnnt1 86.607 5.15E-69 219.0 0.143
comp216772_c0
tctex1d2
TC1D2_HUMAN ↑ 54.472 1.05E-49 156.0 0.605
rp11-447l10.1 54.118 3.35E-29 102.0 0.395
comp219671_c1
hsp90ab1
HS90A_RABIT → 78.771 0.0 1087.0 0.590
hsp90aa1 79.823 0.0 754.0 0.410
comp226229_c0
trpm2
TRPM2_MOUSE → 32.529 0.0 692.0 0.598




67.273 0.0 633.0 0.341
stpg1 71.756 2.36E-60 204.0 0.110
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gdi1 67.727 0.0 625.0 0.337
arid1b 64.808 4.92E-130 393.0 0.212
comp217720_c0
spata17
SPT17_HUMAN ↑ 37.673 7.22E-74 233.0 0.814




63.5 4.66E-77 239.0 0.298
srpk2 66.561 4.69E-123 370.0 0.462
lgalsl 81.034 1.8E-57 192.0 0.240
comp225935_c0
urod
DCUP_DANRE → 63.836 0.0 514.0 0.636
spata6 48.693 2.84E-97 294.0 0.364
comp224554_c0
ankmy1
ANMY1_MOUSE ↑ 37.097 0.0 580.0 0.803
foxn4 34.914 7.44E-36 142.0 0.197
comp225441_c0
dysf
MYOF_MOUSE ↓ 47.998 0.0 1718.0 0.499




49.597 0.0 598.0 0.398
dixdc1 54.34 6.14E-72 254.0 0.169




46.212 0.0 603.0 0.233
capn9 48.296 0.0 660.0 0.255
capn1 47.598 0.0 623.0 0.241
sri 41.875 1.32E-35 132.0 0.051




59.524 1.09E-66 244.0 0.301
fam227b 61.345 4.06E-67 242.0 0.298




65.072 8.39E-105 301.0 0.339
caps 56.522 6.28E-70 215.0 0.242
mtap 67.308 3.56E-131 373.0 0.420
comp220701_c1
drc3, lrrc48
LRC48_MOUSE ↑ 53.551 0.0 555.0 0.904




53.258 0.0 894.0 0.499
ckb 70.106 0.0 572.0 0.319
cyb5b 45.6 5.96E-101 325.0 0.181
comp220434_c2
ppp2r3c
P2R3C_BOVIN ↑ 83.333 1.62E-167 473.0 0.533
pfn2 84.681 2.15E-142 415.0 0.467
comp222670_c2
spsb3
SPSB3_MOUSE ↑ 54.118 1.31E-94 298.0 0.718
dbf4b 38.725 3.48E-29 117.0 0.282
comp225136_c0
sh3glb2
K319L_MOUSE → 46.217 0.0 622.0 0.499
kiaa0319l 45.383 0.0 624.0 0.501
comp221306_c0
actr3
ARP3_PONAB → 86.158 0.0 751.0 0.822
spata6l 85.882 8.48E-48 163.0 0.178
comp216891_c1
cox4i1
ADCK3_MOUSE → 63.448 1.16E-60 202.0 0.502
mprip 56.818 1.45E-58 200.0 0.498
comp224524_c0
c18orf54
BAIP2_CRIGR ↑ 37.113 2.03E-11 62.8 0.359
baiap2 34.831 2.56E-28 112.0 0.641
comp164124_c0
spag6
SPAG6_MOUSE ↑ 84.783 0.0 895.0 0.497
spag6l 86.166 0.0 907.0 0.503
comp225521_c1
cep120
CE120_HUMAN ↑ 49.739 0.0 817.0 0.521
tex33 47.629 0.0 752.0 0.479
comp223979_c1
ensa
TIAR_HUMAN → 59.333 1.87E-52 176.0 0.321
tial1 66.187 1.24E-126 372.0 0.679
comp221709_c0
ift81
IFT81_HUMAN ↑ 57.627 0.0 725.0 0.661




49.07 5.78E-124 372.0 0.269
cib1 41.2 9.08E-55 192.0 0.139
iqck 39.216 2.89E-49 184.0 0.133
anxa2 43.465 2.29E-86 285.0 0.206
pwwp2a 39.423 1.11E-16 84.3 0.061
znf654 43.787 1.27E-39 156.0 0.113




49.156 5.93E-139 443.0 0.270
pde11a 47.543 0.0 831.0 0.506
pde6c 30.82 3.34E-113 367.0 0.224
comp216525_c0
dnajb13
DJB13_MOUSE ↑ 60.635 1.54E-141 402.0 0.728
tmem53 37.455 1.71E-43 150.0 0.272
comp221728_c0
ccdc114
CC114_HUMAN ↑ 31.95 8.46E-60 209.0 0.514
ccdc63 32.747 9.1E-57 198.0 0.486
comp226044_c0
spint1
PPN1_CAEEL ↑ 32.461 5.34E-18 88.6 0.228




97.03 9.65E-64 204.0 0.181
ccdc181 95.683 6.58E-90 279.0 0.248
rap1b 89.247 5.39E-118 336.0 0.298




24.006 1.82E-169 593.0 0.183




55.344 5.17E-96 283.0 0.362
dnal4 69.173 1.86E-67 212.0 0.271




53.282 4.25E-81 281.0 0.272
adcy6 46.956 0.0 752.0 0.728
comp225890_c0
cep164
CE164_HUMAN ↑ 64.894 1.9E-38 158.0 0.515
sez6l 67.778 1.0E-35 149.0 0.485
comp225310_c0
lca5
LCA5_HUMAN ↑ 38.095 3.4E-35 143.0 0.073




57.525 0.0 801.0 0.606
krt36 27.123 5.06E-22 99.8 0.075
lmna 38.779 2.01E-115 358.0 0.271
krt20 23.016 2.13E-10 63.2 0.048
comp225478_c0
a2m
CD109_HUMAN ↑ 29.201 1.19E-148 493.0 0.683
c3 28.088 3.59E-60 229.0 0.317
268
Table B.2.2: (continued)




CD047_XENLA ↑ 55.195 5.89E-108 317.0 0.626
lekr1 55.056 1.83E-58 189.0 0.374
comp223708_c0
ttll6
TTLL6_DANRE ↑ 59.912 0.0 596.0 0.469




45.318 1.06E-59 218.0 0.150
pls1 52.913 0.0 621.0 0.426
lcp1 53.312 0.0 619.0 0.425
comp224201_c4
abca4
ABCA1_HUMAN → 41.919 0.0 1777.0 0.478
abca1 44.926 0.0 1938.0 0.522
comp222610_c1
slc25a22
GHC1_BOVIN ↑ 56.923 9.9E-128 368.0 0.628
pde4dip 52.444 6.25E-63 218.0 0.372
comp219204_c0
fbxl20
FXL20_HUMAN ↓ 65.977 0.0 584.0 0.511




49.701 4.79E-49 174.0 0.235
pof1b 52.688 1.64E-26 105.0 0.142




50.442 3.77E-145 432.0 0.613
map9 48.101 1.02E-43 151.0 0.214
lypd6b 45.736 1.11E-32 122.0 0.173
comp224849_c0
slc12a8
S12A8_XENLA ↓ 44.46 0.0 545.0 0.798
nrn1l 56.034 2.82E-37 138.0 0.202
comp225484_c0
wdr63
WDR63_HUMAN ↑ 48.495 0.0 810.0 0.877
dbi 54.639 7.3E-28 114.0 0.123
comp222458_c1
pkd2
PKD2_BOVIN ↑ 55.378 0.0 776.0 0.519
pkd2l1 54.173 0.0 719.0 0.481
comp216609_c0
fam47e
COBA1_MOUSE ↑ 39.076 8.9E-36 149.0 0.165




43.2 6.95E-23 98.6 0.115
egfr 46.055 1.13E-135 450.0 0.527
bin3 39.007 2.58E-90 306.0 0.358
comp224204_c2
tnpo1
TNPO1_MOUSE ↓ 81.285 0.0 1477.0 0.839
fbxw9 36.524 6.06E-91 283.0 0.161
comp223075_c0
prkar2a
KAPR_STRPU ↑ 54.25 2.09E-142 411.0 0.498




48.367 9.36E-173 496.0 0.333
slc7a5 54.737 0.0 533.0 0.358




89.163 0.0 1125.0 0.137
pacrg 89.776 0.0 594.0 0.072
hspa2 86.016 0.0 1089.0 0.132
hspa6 78.956 0.0 1038.0 0.126
hspa1l 83.361 0.0 1061.0 0.129
hspa1a 84.452 0.0 1082.0 0.132
hspa1b 84.452 0.0 1078.0 0.131
plk1s1, kiz 70.52 7.58E-74 251.0 0.031
tbcb 89.08 1.63E-101 333.0 0.040
c19orf44 71.508 2.86E-75 265.0 0.032
fam76b 74.757 2.37E-97 309.0 0.038
comp225719_c0
rilpl1
RIPL1_RAT → 36.203 3.58E-61 208.0 0.749




79.476 3.29E-139 393.0 0.521
ttc23l 29.966 2.23E-32 128.0 0.170
ttc23 34.278 5.17E-71 233.0 0.309
comp222823_c0
dnaja1
DNJA1_HUMAN ↑ 68.473 0.0 516.0 0.512
dnaja4 65.473 3.12E-171 491.0 0.488
comp225356_c1
rnf183
TRIM3_HUMAN ↓ 44.444 1.12E-8 54.7 0.417
kiaa1191 30.464 1.73E-14 76.6 0.583
comp224766_c1
amot
AMOT_MOUSE → 37.669 1.64E-61 226.0 0.585




59.928 0.0 5612.0 0.311
dnah9 66.056 0.0 6197.0 0.344
dnah17 66.592 0.0 6219.0 0.345
comp225426_c0
dnah5
DYH5_HUMAN ↑ 61.527 0.0 5890.0 0.504
dnah8 59.228 0.0 5791.0 0.496
comp225058_c0
rnf219
RN219_PONAB → 43.651 8.64E-58 206.0 0.790
rnft1 40.0 1.15E-7 54.7 0.210
comp225903_c0
stxbp5l
STXB5_HUMAN → 53.772 0.0 809.0 0.503
ebp 52.122 0.0 798.0 0.497
comp217778_c2
cc2d2a
C2D2A_HUMAN ↑ 46.224 0.0 1257.0 0.832
zc3h3 39.143 9.87E-69 253.0 0.168
comp220765_c0
fgr
SRC42_DROME ↓ 56.566 0.0 562.0 0.513




DYH7_HUMAN ↑ 71.979 0.0 4003.0 0.553




70.64 8.95E-172 487.0 0.588
sh3tc2 77.632 1.18E-31 126.0 0.152
cycs 80.62 2.38E-68 215.0 0.260
comp226154_c0
wdr47
WDR47_HUMAN → 43.811 0.0 717.0 0.512
eefsec 57.264 0.0 684.0 0.488
comp221655_c0
dlx4
DLLH_BRAFL ↓ 62.609 1.27E-35 127.0 0.504
dlx3 54.478 6.18E-31 125.0 0.496
comp211304_c1
ece2
ECE1_MOUSE ↓ 47.582 0.0 731.0 0.572




39.189 2.59E-59 206.0 0.669
ccdc169 44.144 6.82E-24 102.0 0.331
comp220487_c2
lipa
LIPG_RAT → 46.612 2.87E-117 348.0 0.570
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33.032 0.0 1349.0 0.827
map7 28.652 7.21E-6 50.4 0.031
evpl 22.905 3.03E-20 99.8 0.061
nexn 21.131 7.93E-15 79.7 0.049




CG062_HUMAN → 31.33 1.28E-36 130.0 0.492
gpank1 27.822 5.88E-36 134.0 0.508
comp225659_c0
ccdc146
CC146_HUMAN ↑ 42.094 0.0 673.0 0.486
ruvbl1 75.385 0.0 713.0 0.514
comp215508_c0
rab1a
RAB1A_LYMST → 91.787 1.7E-138 388.0 0.642
rab35 53.883 9.04E-72 216.0 0.358
comp219534_c1
syt5
SY65_APLCA → 58.873 5.98E-130 380.0 0.469
syt2 65.092 1.43E-149 431.0 0.531
comp220860_c0
rab11fip3
RFP4A_DANRE ↓ 29.983 4.9E-47 177.0 0.530
rab11fip4 34.018 1.9E-41 157.0 0.470
comp223558_c1
glis2
Y1354_DROME ↓ 78.448 4.15E-54 193.0 0.254
ola1 69.674 0.0 567.0 0.746
comp217699_c0
eno4
ENO4_XENLA ↑ 31.025 1.86E-54 196.0 0.698
ankrd53 41.228 2.09E-19 84.7 0.302
comp224277_c5
crb3
OSBL1_RAT → 50.259 9.13E-51 180.0 0.280
osbpl2 50.505 2.79E-156 464.0 0.720
comp225803_c3
deaf1
RN150_DANRE → 58.192 1.35E-66 227.0 0.444
rnf150 45.509 6.1E-87 284.0 0.556
comp223952_c0
cnnm2
CNNM2_RAT → 53.253 0.0 624.0 0.509
cnnm4 52.431 0.0 602.0 0.491
comp223449_c0
tmem63b
TM63B_HUMAN → 42.857 0.0 602.0 0.537




61.73 0.0 1041.0 0.461
rp11-432b6.3 62.338 0.0 847.0 0.375
srsf7 56.911 1.98E-42 157.0 0.069
cxorf58 40.149 7.25E-67 215.0 0.095
comp211932_c1
fam102a
F102A_XENLA → 62.069 1.3E-48 160.0 0.497
fam102b 65.487 2.26E-49 162.0 0.503
comp226135_c0
dnah2
DYH2_MOUSE ↑ 70.918 0.0 3872.0 0.681
srrm2 69.342 0.0 1810.0 0.319
comp224209_c0
klhl22
KLHL9_MOUSE → 30.981 3.64E-86 281.0 0.573
klhl33 26.461 7.09E-58 209.0 0.427
comp224361_c0
ttc30a
TT30A_XENLA ↑ 72.34 0.0 1003.0 0.498
ttc30b 73.323 0.0 1010.0 0.502
comp225081_c0
kif27
KIF27_HUMAN ↑ 39.557 0.0 956.0 0.687
kif7 41.208 1.01E-129 436.0 0.313
comp221442_c1
cdkl1
CDKL1_MOUSE ↑ 65.868 6.96E-163 461.0 0.507
cdkl4 64.375 3.63E-158 449.0 0.493
comp223092_c1
wdr62
MABP1_XENLA ↓ 50.313 1.77E-171 523.0 0.484
mapkbp1 54.451 0.0 557.0 0.516
comp221372_c2
tekt5
TEKT3_BOVIN → 44.597 1.93E-141 417.0 0.457
tekt3 51.772 1.1E-172 496.0 0.543
comp225047_c1
nin
NINL_HUMAN ↑ 32.827 4.85E-39 150.0 0.456




38.182 8.73E-10 60.1 0.065
gns 54.545 0.0 546.0 0.586




45.965 3.31E-87 267.0 0.164
atic 71.115 0.0 917.0 0.564
eny2 78.431 1.05E-54 171.0 0.105
irf3 71.023 7.76E-83 271.0 0.167
comp221521_c0
stom
MEC2_CAEEL ↓ 67.416 4.01E-123 353.0 0.585




92.966 0.0 626.0 0.330
ppp1ca 92.097 0.0 638.0 0.336
c11orf74 80.921 9.81E-178 497.0 0.262




35.512 0.0 558.0 0.209
pgm3 54.219 0.0 1041.0 0.390
slc4a7 53.683 0.0 1068.0 0.400
comp223693_c5
wdr5b
WDR5_RAT ↓ 77.545 0.0 538.0 0.472
wdr5 87.126 0.0 601.0 0.528
comp219841_c2
hap1
TRAK1_HUMAN ↓ 29.467 1.12E-22 103.0 0.201
trak1 45.586 3.24E-131 409.0 0.799
comp216399_c0
wnt3
WNT5A_AMBME ↓ 46.631 2.27E-110 327.0 0.530




50.867 1.48E-58 201.0 0.272
ccdc67 51.034 1.23E-44 159.0 0.215
iffo2 50.394 5.07E-38 140.0 0.189




85.271 3.65E-69 237.0 0.106
prkcb 70.997 0.0 1006.0 0.448
prkca 70.0 0.0 1001.0 0.446
comp210911_c0
got1
AATC_CHICK ↓ 56.863 1.72E-168 478.0 0.633
got1l1 36.504 2.86E-89 277.0 0.367
comp223886_c0
cby1
CBY1_BOVIN ↑ 49.219 1.19E-26 96.7 0.484
fam227a 23.423 9.27E-23 103.0 0.516
comp221104_c0
pepd
PEPD_MOUSE → 64.904 0.0 600.0 0.691




61.905 0.0 1072.0 0.246
atp2b4 62.081 0.0 1082.0 0.248
atp2b2 62.205 0.0 1099.0 0.252
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Component ID Gene Name Local Annotation DE Info Percent Identity EValue BitScore Weighted Score
atp2b3 63.551 0.0 1102.0 0.253
comp222868_c0
ift74
IFT74_MOUSE ↑ 51.01 0.0 562.0 0.731
alg14 46.154 8.39E-68 207.0 0.269
comp226242_c0
syne2
SYNE1_HUMAN ↑ 26.203 0.0 733.0 0.436




44.984 1.5E-161 498.0 0.504
eif2ak1 69.811 4.18E-50 171.0 0.173
agfg2 63.136 2.38E-98 320.0 0.324
comp224530_c1
wnk1
WNK1_MOUSE → 68.38 1.64E-174 584.0 0.526




60.204 9.22E-130 412.0 0.502




46.202 0.0 1042.0 0.405
tmem17 45.994 2.5E-93 311.0 0.121
ube2v2 37.968 3.71E-34 133.0 0.052
cdhr4 36.923 2.96E-32 132.0 0.051
ptch2 47.085 0.0 952.0 0.370
comp226224_c0
fsip1
FSIP1_XENLA ↑ 29.25 2.92E-16 82.8 0.050
itpr3 51.985 0.0 1576.0 0.950
comp225803_c2
cetn2
CETN2_MOUSE ↑ 84.795 2.82E-100 286.0 0.504
cetn1 81.287 4.83E-98 281.0 0.496
comp221363_c4
grb10
RAPH1_HUMAN ↓ 33.065 1.27E-35 144.0 0.485




44.054 0.0 702.0 0.255
epha4 44.608 0.0 714.0 0.260
epha2 40.516 0.0 635.0 0.231
ephb3 42.857 0.0 697.0 0.254
comp217381_c4
dcdc2, dcdc2a
DCDC2_RAT ↑ 34.085 1.5E-47 169.0 0.626
dcdc2b 26.891 7.26E-24 101.0 0.374
comp218016_c3
c11orf88
SEPT2_DROME → 63.291 9.41E-28 111.0 0.163




100.0 3.39E-67 206.0 0.145
hist1h4j 100.0 2.0E-68 200.0 0.141
hist1h4a 100.0 1.11E-68 204.0 0.144
hist4h4 100.0 2.0E-68 200.0 0.141
hist1h4a 100.0 4.08E-69 203.0 0.143
hist1h4h 100.0 6.53E-69 206.0 0.145
hist1h4a 100.0 2.0E-68 200.0 0.141
comp226187_c1
kif1c
KIF1A_AEDAE → 64.549 0.0 857.0 0.428
kif1b 65.873 0.0 1145.0 0.572
comp225104_c0
homer2
HOME2_MOUSE → 44.624 2.24E-98 296.0 0.343
arnt 67.092 0.0 568.0 0.657
comp221126_c1
lrp2bp
CK5P3_RAT ↓ 64.789 2.89E-23 101.0 0.191
cdk5rap3 47.327 1.2E-145 427.0 0.809
comp224969_c0
cp110, ccp110
NNTM_HUMAN ↑ 52.041 4.85E-58 202.0 0.127




61.111 8.76E-51 175.0 0.423




83.654 6.97E-129 362.0 0.362
rab10 73.936 1.3E-98 285.0 0.285
rab8b 80.769 3.81E-125 352.0 0.352
comp219418_c3
sowahb
SWAHC_MOUSE → 43.609 4.23E-28 121.0 0.526




39.855 0.0 2747.0 0.246
dnah6 56.16 0.0 4204.0 0.377
dnah6 56.236 0.0 4206.0 0.377
comp222658_c2
dydc2
RGS22_HUMAN ↑ 29.457 1.71E-9 59.7 0.110
rgs22 42.034 2.34E-146 483.0 0.890
comp223451_c0
rsph10b2, rsph10b
R10B2_HUMAN ↑ 42.382 2.43E-165 494.0 0.502
rsph10b 42.382 1.06E-163 490.0 0.498
comp216572_c0
iqce
ALF_SCHMA → 65.541 1.31E-56 200.0 0.292




49.133 1.23E-45 171.0 0.393
spata45, c1orf227 52.857 9.15E-18 85.1 0.196
dab1 42.342 1.31E-47 179.0 0.411
comp226241_c1
ccdc173
CC173_HUMAN ↑ 35.019 1.67E-74 247.0 0.746
als2cr12 43.411 6.73E-18 84.0 0.254
comp223758_c0
gmppa
GMPAA_DANRE → 58.491 0.0 516.0 0.662




71.825 3.55E-137 405.0 0.310
tulp3 49.569 1.55E-144 422.0 0.323




59.091 4.82E-103 308.0 0.448
meig1 50.794 4.72E-33 118.0 0.172
pfdn6 60.36 2.92E-86 262.0 0.381
comp217463_c1
armc3
ARMC3_HUMAN ↑ 43.384 0.0 721.0 0.841
npnt 55.462 1.69E-32 136.0 0.159
comp219214_c3
dzip1
DZIP1_MOUSE ↑ 25.608 1.96E-43 171.0 0.517
dzip1l 29.243 2.56E-40 160.0 0.483
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Supplementary Table B.2.3
Table B.2.3: Strict core of known ciliary genes. From left to right: Gene name and Localiza-
tion terms as reported in the original source, Transcription factor (TF) interaction indicating if
reported as target of FoxJ1 and/or Rfx. Ciliopathy indicates if confirmed (X) or candidate (X)
involvement in a ciliopathic phenotype. P. dumerilii Transcript id and Local annotation (based on
PdumBase), as well as differential expression status in the hyperciliated embryos: Upregulated
(↑), downregulated (↓), and neutral or with no significant change of expression (→). These 48
Strict Core known ciliary genes that are upregulated genes represent the High Confidence (HC)












mak cilium, cilia regulation - length,
axoneme
foxj1, rfx X comp198929_c1 MAK ↑
ssna1 bb foxj1, rfx X comp206699_c0 SSNA1 →
ift27 basal body, cilium, ift, ift-b foxj1, rfx X comp208958_c0 IFT27 ↑
nme5 radial spoke component foxj1, rfx X comp212949_c0 NDK5 ↑
ropn1l cilium, cytosol, sperm fibrous sheath foxj1, rfx X comp213064_c0 ROP1L ↑
ttc29 axoneme, axonemal dynein foxj1, rfx X comp215574_c0 TTC29 ↑
rsph4a cilium, axoneme, central pair foxj1, rfx X comp215635_c1 RSH4A ↑
ttc26 basal body, cilium, ift-b foxj1, rfx X comp215953_c2 TTC26 ↑
ift20 cilium, basal body, golgi, ift, ift-b X comp218002_c0 IFT20 ↑
wdr35 cilium, ift, ift-a foxj1, rfx X comp218580_c2 WDR35 ↑
ccdc164,
drc1
axoneme, nexin bridge foxj1, rfx X comp218643_c0 CC164 ↑
ift122 basal body, cilium, ift, ift-a foxj1, rfx X comp218760_c0 IF122 ↑
dnal1 axoneme, axonemal dynein complex foxj1, rfx X comp219559_c2 DNAL1 ↑
dnai2,
dnaic2
axoneme, axonemal dynein complex foxj1, rfx X comp219835_c3 DYI3 ↑
dnai1,
dnaic1
axoneme, axonemal dynein complex foxj1, rfx X comp220600_c0 DYI2 ↑
ak7 apical cell localisation foxj1, rfx X comp220683_c1 KAD7 ↑
ccdc37,
cfap100
chlamydomonas flagellar protein foxj1, rfx X comp220764_c1 CCD37 ↑
cluap1 centriole, cilium, ift-b subcomplex foxj1, rfx X comp220828_c3 CLUA1 ↑
rsph3,
rsph3b
cilium, axoneme, central pair, radial
spoke
foxj1, rfx X comp221083_c1 RSPH3 ↑
rsph9 cilium, axoneme, radial spoke foxj1, rfx X comp221232_c1 RSPH9 ↑
gas8 axoneme, dynein regulatory complex foxj1, rfx X comp221531_c4 GAS8 ↑
ift81 basal body, cilium, ift, ift-b foxj1, rfx X comp221709_c0 IFT81 ↑
traf3ip1 cilium, basal body, cytoplasm,
cytoskeleton, ift, ift-b
foxj1, rfx X comp221993_c0 MIPT3 ↑
dync2h1 golgi, axoneme, ift retrograde transport foxj1 X comp222143_c1 DYHC2 ↑
tekt2 cilium, axoneme foxj1, rfx X comp222360_c1 TEKT2 ↑
spef2 central pair foxj1, rfx X comp222379_c0 SPEF2 ↑
dnali1 cilium, axonemal dynein foxj1, rfx X comp222643_c0 IDLC ↑
efhc1 axoneme foxj1, rfx X comp222825_c2 EFHC1 ↑
ift74 basal body, cilium, ift, ift-b foxj1, rfx X comp222868_c0 IFT74 ↑
ift88 basal body, cilium, ift, ift-b foxj1, rfx X comp222956_c0 IFT88 ↑
ift172 basal body, cilium, ift, ift-b foxj1, rfx X comp223399_c0 IF172 ↑
ccdc39 axoneme, axonemal dynein complex
assembly
foxj1, rfx X comp223499_c0 CCD39 ↑
arl3 cytosol, lipidated protein transport foxj1, rfx X comp223601_c2 ARL3 ↑
mns1 axoneme, axoneme (flagella) foxj1, rfx X comp224106_c1 MNS1 →
ift80 basal body, cilium, ift, ift-b foxj1, rfx X comp224146_c1 IFT80 ↑
wdr19 cilium, ift, ift-a foxj1, rfx X comp224358_c1 WDR19 ↑
ttc30b cilium, ift, ift-b foxj1, rfx X comp224361_c0 TT30A ↑
bbs9 cilium, bbs - ift-associated foxj1, rfx X comp224469_c0 PTHB1 ↑
ttc21b axoneme, ift-a X comp224645_c0 TT21B →
rsph1 cilium, axoneme, central pair, radial
spoke














bbs7 basal body, cilium, bbs - ift-associated foxj1, rfx X comp224877_c2 BBS7 →
dnah5 axoneme, axonemal dynein complex foxj1 X comp225426_c0 DYH5 ↑
wdr78 axoneme, axonemal dynein foxj1, rfx X comp225469_c1 WDR78 ↑
arl6 cilium, basal body, bbs - ift-associated,
transition zone, cytosol
X comp225643_c0 ARL6 →
ift52 basal body, cilium, ift, ift-b foxj1, rfx X comp225679_c0 IFT52 ↑
ift140 basal body, cilium, ift, ift-a foxj1, rfx X comp225786_c1 IF140 ↑
dnah2 axoneme, axonemal dynein foxj1, rfx X comp226135_c0 DYH2 ↑
ccdc40 axoneme, axonemal dynein complex
assembly
foxj1, rfx X comp226203_c0 CCD40 ↑
dnah10 axoneme, axonemal dynein foxj1, rfx X comp226243_c2 DYH10 ↑
hydin central pair, central pair function foxj1, rfx X comp226247_c0 HYDIN ↑
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